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Abstract 
The Kambalda Nickel Mines are a type example of massive nickel sulphide 
deposits located in the 2.7 Ga Archaean Eastern Goldfields Province, Yilgarn Craton, 
Western Australia. The nickel sulphide deposits are hosted in embayments, known as 
troughs, at the contact between the Lunnon Basalt and the overlying Kambalda 
Komatiite (Gresham & Loftus-Hills 1981). This contact is structurally complex as a 
result of several phases of compressive deformation after ore formation (Gresham & 
Loftus-Hills 1981). The troughs and the orebodies they host define a linear pattern, 
trending NNW-SSE sub-parallel to each other and also the regional structural trend. 
This thesis proposes a new model for the origin of these troughs which is based on a 
comparison with extensional structures seen in the Holocene volcanic fissure swarms of 
Iceland. It is argued that Kambalda ore troughs were originally similar extensional 
structures formed syn-volcanically during a previously undocumented early extensional 
event (Brown et aL 1999). This early extension created the NNW-SSE tectonic grain 
that characterises the eastern portion of the Yilgarn Craton. 
The model is developed to explain unusual thrust structures on the Kambalda Dome. 
These thrusts represent footwall shortcuts formed during subsequent compressive 
deformation which partially inverted the original graben bounding faults. 
However three-dimensional kinematic modelling of the Kambalda Dome and Tramways 
fold-thrust structures suggests they are not inversion anticlines above the regional scale 
Boulder-Lefroy Fault. The relationship between these structures and the Boulder-Lefroy 
Fault remains ambiguous. It is suggested that the regional Foster, Tramways and 
Democrat-Republican thrusts are thick-skin structures, hence precluding models 
invoking a regional thin skin thrust duplex. 
The new model presented in this thesis for the early structural history of the Kambalda 
area provides an explanation for many of the geologic features observed today in the 
Kainbalda area. 
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Introduction to thesis 
This project was initiated by Dr. Tim Sugden, who was then the research 
geologist at the Kainbalda Nickel Operations of WMC. The discovery of the Coronet 
deposit, located in the Loreto trough on the NW flank of the Kambalda Dome, led to an 
interest in the significance of the structural geology from an exploration point of view, 
as this area had previously been considered un-prospective. Over the course of the 
project it evolved to focus on the pre and syn-ore structures rather than those post- 
dating ore formation. 
Thesis layout 
Chapter One 
Provides an introduction to the broad geology of the Yilgam Craton of Western 
Australia before looking at the Norseman-Wiluna, Belt/Eastem Goldfields Province. The 
chapter concludes with a brief description of some of the models of greenstone belt 
evolution. 
Chapter Two 
Introduces the lithologies and structures of the field area. These are critically 
discussed in the light of observations from field work carried out during the course of 
this project. This work is presented and some speculative ideas regarding the structural 
evolution of the Karabalda Dome are introduced. These are developed later in the thesis. 
Chapter Yhree 
Describes the nickel sulphide hosting trough structures of the Kambalda area 
and reviews the existing models for their formation. The Holocene extensional 
structures of the Krafla Fissure Swarm, Iceland are introduced and described. The 
chapter finishes by proposing a new model for the formation of the trough structures in 
the Kambalda area, based on analogy with the Icelandic structures. 
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Chapter Four 
This chapter develops certain aspects of the model proposed in chapter three 
using it to explain the formation of thrust structures on the north of the Kambalda 
Dome. It includes information on the principal restoration algorithms of 3DMove and 
describes generic forward modelling in 3DMove designed to test the model of thrust 
development. The chapter concludes with a discussion of the economic implications of 
the proposed ore trough model. 
Chapter Five 
Describes and discusses a suite of 3DMove models designed to answer some of 
the regional questions concerning the evolution of the Kambalda Dome and Tramways 
structures that were posed in chapter two. 
Chapter Six 
The final chapter attempts to draw some general conclusions and discuss areas 
of uncertainty within the work presented; and reiterates the key conclusions from 
previous chapters. It finishes with suggestions of future work that the author considers 
potentially useful from an academic and commercial point of view. 
Notes 
In the terminology of Kambalda Nickel Mines the terms footwall and 
hangingwall were used to denote the basalt at the base of mineralisation and the 
overlying komatiite respectively. Due to the nature of the compressive deformation this 
can lead to some confusion, with hangingwall rocks being in the structural footwall and 
vice versa. As there are established stratigraphic names for each of the units under 
discussion these are used when referring to specific units. In this thesis the terms 
hangingwall and footwall are used strictly in their structural sense. 
The rocks of the field area have all been metamorphosed to greenschist facies however 
the meta- prefix is conventionally omitted due to the preservation of primary igneous 
textures (Cowden & Roberts 1990). That convention is followed in this thesis. 
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Chapter One 
Chapter One 
Chapter One 
1.1 Introduction to the Archaean 
The term Archaean refers to that period of the Earth's history from 4.5 Ga to 
2.5 Ga. Together the Archaean and Proterozoic (2.5 Ga to 542 Ma) account for the 
majority of Earth history, but in comparison with the Phanerozoic are poorly known 
and understood. 
The reason for this is that much of it has been re-worked and destroyed by later 
geologic events. However despite this re-working there are still areas of Archaean 
rocks on all continents, varying from relatively small picturesque outcrops in the 
U. K. to large shield areas on other continents. It has been estimated that out of 
approximately 150 million km2 of exposed continent only 20 million krný is of 
Archaean age (Burke 1997). 
1.2 Greenstone Belts 
1.2.1 What is a Greenstone Belt? 
Greenstone is a field terin for any altered basic igneous rock (Whitten & 
Brooks 1972). Greenstone belts may be defined as "beltlike areas within 
Precambrian Shields that are characterised by abundant greenstone". 
Worldwide greenstone belts have been extensively studied, three main age groups 
have been identified (Windley 1977) of which one, Isua in Greenland, is pre 3.5 Ga 
and unmineralised. Post 3.5 Ga greenstones are subdivided into those formed 
between 3.5-3.3 Ga, including the east Pilbara Block, Barberton Mountain Land, and 
parts of Zimbabwe. The more extensive younger greenstones developed between 3- 
2.7 Ga and form much of the Yilgam. Craton (Western Australia), Superior Province 
(Canada), Rhodesian Craton (Africa) and probably most of the Brazilian, Indian and 
Baltic shields. 
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1.3 Models of Greenstone Belt Formation 
A wide range of models have been proposed to account for greenstone belt 
formation. These are introduced below grouped into extensional and convergent 
regimes, and those that involve mantle plumes or hotspots. This is not an exhaustive 
review; it is intended simply to provide an introduction to some of the basic ideas. In 
reality it is probable that different greenstone belts formed in different ways, and 
derive if not their existence, at least their major characteristics from their different 
evolutionary histories. The application of these models to the current field area is 
discussed in section 1.9. 
1.4 Extensional Regimes as a source of Greenstone Belts 
As greenstone belts include extensive regions of extrusive volcanic rocks it is 
reasonable to consider their formation within large scale extensional regimes, such as 
those associated with continental rifting, or mid-ocean ridge spreading. 
1.4.1 Continental Rifting 
Some greenstone belts are known or inferred to be, underlain by continental 
crust, the Eastern Goldfields is one of these (Swager 1997). Evidence for this can be 
geochemical, indicating crustal contamination of volcanic rocks, or geophysical, 
from deep seismic and/or gravity modelling. Examples of this data from this study 
area are shown in section 1.7. 
The driving force for this rifting may result from plate tectonic movements forming 
basins in a pre-existing sialic crust, or from mantle activity, either plumes or 
convection cells. This could create a basin geometry similar to the present day linear 
geometry seen in many greenstone belts. These basins could be infilled with the 
products of volcanism. Campbell & Hill (1989) demonstrated how evolution of a 
mantle plume could provide the typical basalt-komatiite succession seen in many 
greenstone belts. 
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1.4.2 Oceanic Spreading 
Ocean spreading, whether at a mid-ocean ridge, in a back-arc basin, or in the 
advanced stages of continental rifling could fulfil some of the criteria of producing a 
greenstone belt. In a back-arc basin the linear geometry will be similar, as will some 
of the bimodal volcanism. Takahashi (1990) interprets the results of experimental 
modelling and theoretical calculation to conclude that Archaean mid-ocean ridges 
could have produced komatiite lavas, though crucially for some greenstone belts this 
model is unlikely to provide a sialic basement to the greenstones. It would not be 
necessary for full oceanic spreading to be achieved in order to produce a greenstone 
belt, a failed rift would be sufficient (Swager 1997). However no definitive modem 
type ophiolites have been documented from the Archaean (Windley 1998). 
1.5 Convergent Regimes as a source of Greenstone Belts 
1.5.1 Convergent Plate Margin 
Convergent margins could also produce greenstones in the back-arc 
environment described above, bimodal basalt-rhyolite volcanism, typical of 
subduction zone environments, is seen in some greenstone belts (Hollings et aL 
1999, Brown et al. 2002). This model is also able to explain the juxtaposition of 
differing suites of rocks, and the general linear tectonic framework that is seen in 
greenstone terrains such as the Eastern Goldfields Province (Barley et A 1989). 
1.5.2 Accretionary Models 
Strictly this model addresses the generation of Archaean cratons in general 
rather than greenstones in particular. It proposes periods of plate tectonic activity 
that amalgamate crustal fragments from various allocthonous, and/or autochthonous 
sources (arcs, back-arcs, micro-continents) to form a larger continent, (Myers 1995). 
The Eastern Goldfields Province comprises several distinct terranes that could have 
been juxtaposed as part of this process (Swager 1997). 
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1.6 Plumes and Hotspots as a source of Greenstone Belts 
Models that involve plumes and hotspots; include both those that rely on them 
as the primary mechanism of greenstone belt formation, for example continental 
rifting initiated by a plume event; and those that use them as a modifying factor 
within another tectonic regime, such as the affect of a plume on a spreading ridge or 
convergent margin. 
Mantle plumes are thought to be capable of initiating rifting in continental crust, 
which may lead to oceanic spreading. Genesis of the basaltic and komatiitic lavas 
seen in greenstone belts can be accounted for by processes within the plume 
(Campbell & Hill 1988, Campbell et al. 1989, Hollings et al. 1999, Zhou et al. 2000, 
Bateman et al. 2001). Condie et al. (2001) provide evidence of a plume breakout 
event around 2.7-2.5 Ga which may have produced significant quantities ofjuvenile 
continental crust. 
Abbot (1996) suggests the Taito ophiolite (southern Chile) is a possible Phanerozoic 
analogue of an Archaean or early Proterozoic greenstone belt, formed by subduction 
of a ridge segment within 500km of a hotspot beneath the continent. 
Komatiites have also been considered the Archaean and Proterozoic equivalents of 
Ocean Island Basalts (Campbell & Griffiths 1992), which may be incorporated, by 
accretionary processes, into developing cratons. Kr6ner (199 1) suggests that Iceland 
type islands may have been numerous in the Early Archaean Earth, with basaltic and 
komatfitic volcanism induced by plumes. 
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1.7 The Archaean of Western Australia 
1.7.1 Introduction to Geology of Western Australia 
Western Australia is the largest state in Australia, covering an area of 
2,525,500 kM2. Geologically it comprises two Archaean cratons (Fig. 1.1) and the 
Phanerozoic rocks surrounding them. The Pilbara craton in the NW of the state is the 
smaller of the two and formed between 3.5-3.0 Ga. The larger Yilgarn Craton covers 
2 an area of approximately 625,000 kni . Significant portions of bedrock in the eastern 
part of the state are obscured by surficial deposits. 
N 
250km I 
Pilbara Capricorn Orogen 
Craton Suture 
Obscure 
Yilgam 
Craton 
Exposed 
Yilgam 
Craton Kalgoorlie 
Perth 
Fig. 1.1 General map of Western Australia 
showing location of Archaean cratons. 
From Myers (1992). 
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1.7.2 Introduction to Geology of the Yilgarn Craton 
The Yilgarn Craton has a western margin comprising an older high grade 
gneiss terrane, the western gneiss terrane; the remaining majority is a granite 
greenstone terrane of 3.0-2.6 Ga (Fig. 1.2). The eastern part of the craton was 
originally named the Eastern Goldfields Province, the western portion of this granite 
greenstone terrane has a pronounced tectonic grain caused by large scale NNW-SSE 
trending fault and shear zones, continuous over tens to hundreds of kilometres. These 
form linear belts of tens to hundreds of kilometres length. This region, characterised 
by its linear nature and high degree of mmeralisation relative to the rest of the craton 
was originally known as the Norseman-Wiluna Belt. 
Myers (1992) explains that the division of the Yilgarn Craton into the Western 
Gneiss Terrane, Southern Cross, Murchison and Eastern Goldfields Provinces is not 
rigorously defined on geological boundaries, being based on early large scale 
reconnaissance mapping that subsequent work has refined. The Norseman-Wiluna 
Belt (NWB) may now be subdivided into distinct tectonostrati graphic terranes. 
However the Norseman-Wiluna Belt name will be used in this thesis as it is widely 
used in the literature and represents a known geographic region. Where appropriate 
the more accurate terrane names will be applied. 
Murchison 
j 
Province 
ji 
ýEastern 
c ýo I dfieý I 
Ids 
P 'rov rovince) 
(I Js 
Pr 
'Provi\nc( 
Western 
Gneis s 
Terrane 
500 km westem Gneiss Terrane 
Granite-Greensione Ten-ane 
Narryer 
Terrane 
Murchison 
Terrane 
algoorlie 
500 km Terrane 
Iý 
Fig. 1.2 A) Early broad subdivision of the Yilgarn Craton into Provinces. 
B) Newer, more detailed subdivision of the craton into tectonostratigraphic 
terranes. Figure 1.4 shows a more detailed map of the Kalgoorlie Terrane. 
From Myers (1992). 
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1.7.3 Crustal Structure 
A 700km west to east crustal scale cross section based on a regional seismic, 
gravity and magnetic survey across the Yilgarn Craton (Goleby el aL 1993) shows 
the high grade gneiss terrane changing to the granite-greenstone terrane, the 
seismically identified crust thins eastward, as the supracrustal sequences young, and 
metamorphic grade decreases (Drummond et aL 1993, Goleby et aL 1993, Swager et 
aL 1997). Both refraction/reflection seismic and gravity surveys indicate that the 
continental crust is of a normal thickness in the east, 341an near Kalgoorlie, but 
thickens to 44km in the Perth Basin in the west (Drummond et aL 1993, Goleby et 
aL 1993, Swager et aL 1997). 
Based on this geophysical data (Myers 1997) suggested that continental crust 
beneath the Eastern Goldfields comprises three major layers (Fig. 1.3). 
" Folded and thrust stacked greenstones with steep tectonic structures 
extending to depths of 4 to 7km. 
" East-dipping imbricate stack of quartzo-feldspathic gneiss, between 7 and 
281an depth, located between a flat lying detachment at the base of the 
greenstones and above a major sub-horizontal zone of ductile deformation. 
This lower zone may represent the continuation of the Ida Fault. 
" The third layer between depths of 28 and 38km is dominated by a quartzo- 
feldspathic gneiss that may represent an imbricated portion of an adjacent 
terrane. 
Myers (1997) suggests that these layers represent slices of sialic crust that were 
stacked over each other between 2.658 and 2.66 Ga. The sub-horizontal boundaries 
between these layers appear to represent detachments along which there may have 
been significant displacement. 
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-4 EASTERN GOLDFIELDS PROVINCE (Kalgoorlie Terrane) 
Ida Wit Pleasant Bardoc 
Fault Dome Shear 0 
-15 
B 
20 x 2 
CL 
CL 
0 Kilometres 40 
E 
(0 
B 
Ida Fault Bardoc Sheaf observed gravity 
computed gravity 
0- 
10- 
1 35 235 335 
Distance (km) 
F7Mafic (2 gg/cm') ED Granite (2 65g/CM3) F7 Felsic (2 7g/cm') 
M Mixed mafic-felsic Upper felsic 
(2 8g/m) El crust (2 7g/cm') 
Fig. 1.3 A) Portion of unmigrated regional seismic traverse "EGF 01" (see 
Fig. 1.4 for location). Section A comprises folded and thrusted greenstones, 
section B is the imbricate stack of quartzo-feldspathic gneiss (Myers 1997) 
with a similar but less imbricated layer beneath. After Drummond et al. 
(2000). 
B) Gravity modelling along the seismic line. Each of the main bodies of rock 
identified or interpreted in the seismic section were assigned a density 
contrast relative to a standard crust. The reasonable fit between modelled 
and measured gravity suggests that the seismic interpretation is consistent 
with the regional gravity. From Goleby et al. (1993). 
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1.7.4 General Lithologies 
The lithologies comprising the Yilgam Craton were originally subdivided 
into those of the Western Gneiss Terrane and the more extensive granite-greenstone 
terrane that forms the remaining majority of the craton (Fig. 1.2). Although this 
division has been refined (Myers 1992) it is still a useful basis for a general 
introduction. 
1.7.4.1 Granite-Greenstone terrane 
Gee et al. (1986) define granite-greenstone terranes as "generally low- 
medium metamorphic grade characterised by komatiitic, tholefitic, and calc-alkaline 
volcanics, and related clastic and chemical sedimentary rocks, associated with 
abundant granitoids". 
In the Yilgarn Craton the greenstones have experienced significant deformation, 
particularly in localised areas; and in many places rapid variations in facies and 
facies thickness also occur (Groves & Batt 1984). However a general stratigraphy 
has been erected. This will be discussed briefly here, as an introduction to section 2.2 
which details the stratigraphy of the field area. Essentially the stratigraphy can be 
divided into a lower volcanic dominated sequence with a transition upward into an 
upper clastic dominated sequence. 
The volcanic portion of the sequence comprises basaltic lavas which may or may not 
be vesicular and can be several km in thickness, the nature of the basement to these 
rocks is unknown. Ultramafic lavas (komatiites) generally overlie the basaltic lavas 
but are not necessarily present; there may be several phases of rnafic and ultramafic 
variation producing a sequence of lava types, but in some instances ftirther work has 
shown this to be mis-interpretation of structural repetition by thrusting (e. g. Cowden 
& Roberts 1990). Both mafic and ultramafic lavas can contain thin (tens of cm) 
interflow sediments such as sulphidic shales and cherts. 
The clastic dominated upper portion generally comprises volcaniclastic sediments 
and sub-aqueous sedimentary rocks. Sub-aerial-marine felsic volcanic centres are 
seen in some parts of the NWB as is bimodal basalt-rhyolite volcanism (McGeehan 
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& MacLean 1980). Distal turbidites have been recorded in the central part of the 
NWB (Bavinton 1981). Banded Iron Formations (BIF) are common in the Yilgarn 
Craton but generally absent from the Norseman-Wiluna Belt. The entire sequence 
contains felsic intrusives and has also been intruded by mafic sills and dykes. 
1.7.4.2 Granitoids 
The granitoids of the Yilgam Craton form a distinctive part of the outcrop 
pattern. They are elliptical with long axes trending NNW-SSE, parallel to the 
structures and lithological boundaries of the craton. In contrast granitoids of the 
Pilbara have circular outcrop pattems. 
Early theories suggested granitoids formed from the melting and diapiric rise of 
overlying "down-buckled" greenstones. However Gee (1979) remarked that evidence 
of polyphase deformation was common and considered that greenstone development 
was more complex than simple diapiric doming. Batholiths, of the NW Yilgarn that 
had been interpreted as being emplaced diapirically into overlying flat greenstone 
were re-interpreted by Myers & Watkins (1985) as dome and basin interference 
patterns ranging in scale from a few centimetres to a few kilometres. Platt el aL 
(1978) concluded that "the bulk of the granitoids were emplaced before the first 
recognisable deformation. Thus the granitoid magma cannot have been produced by 
partial melting of previously downbuckled greenstone belt rocks, nor can the larger 
scale upright folds (D2) be a result of forceful emplacement of magma". Similar 
comments have been made about greenstone belts world-wide, e. g. Coward & James 
(1974), discussing African greenstones, point out that the characteristic greenstone 
belt pattern of intensely deformed synclinal zones between anticlinal batholiths 
resemble features produced experimentally by buckling an interface between a less 
competent rock above and a more competent rock below (Ramsay 1967); and stress 
the importance of the granite batholiths in influencing the deformation of the 
greenstone belt. A contrasting opinion is presented by Gee et al. (1986). Assuming 
that the granitoids were originally circular, as in the Pilbara, they conclude there has 
been shortening and an increase in total strain (granitoid ellipticity increases) 
eastwards across the Yilgam Craton. Recent work on the nature of the granitoids 
suggests that, at least in the Kambalda region, they result from crustal melting which 
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probably pre-dated or was synchronous with the main phases of compressive 
deformation (Bateman et A 2001). 
A geochemical and Nd isotope study of granites from the Eastern Goldfields 
(Champion & Sheraton 1997) divides granites into two main groups (high-Ca and 
low-Ca) together comprising 80-90% of the granites of the region. Their 
emplacement occurred between 2.69-2.60 Ga, contemporaneous with or post-dating 
greenstone formation (Champion & Sheraton 1997). Lithologically these two groups 
comprise granodiorites, granites and trondhjemites. Champion & Sheraton (1997) 
suggest the high Ca granites were derived at high pressure by partial melting of a 
mafic to intermediate source such as subducted oceanic crust, crustal underplate or 
thickened crust. Low Ca granites appear to be the product of crustal re-working of a 
tonalitic or granodioritic prOtolith that youngs progressively eastwards. 
1.7.4.3 Western Gneiss Terrane 
The Western Gneiss Terrane (WGT) extends primarily along the western 
margin of the Yilgam Craton (Fig. 1.2). In the north the high grade gneiss developed 
at 3.8-3.3 Ga; it is older and contains a different assemblage of supracrustal rocks 
than the adjacent granite-greenstone terrane (Gee et al. 1986). The WGT is intruded 
by granites similar to those that intrude the granite-greenstone terrane. In the north 
the contact between the gneiss and the granite-greenstone is tectonic, though both 
gneiss and granite-greenstone have the same deformation and metamorphic histories 
(Gee et al. 1986). In the south some of the gneisses pre-date the granite-greenstone 
however most of the gneiss terrane consists of younger granitoids similar to those of 
the granite-greenstone terrane; however they have been metamorphosed to granulite 
facies. Gee et al. (1986) recognised that the western limit of greenstone outcrop 
coincides with the eastern limit of granulite facies metamorphism. This suggests that 
the transition from granite-greenstone to high grade gneiss in this area is related to 
the burial depth of now exposed crust. The eastward decrease in regional 
metamorphic grade suggests that the crust pr6sently has an easterly tilt (Gee et al. 
1986). This tilt was probably imposed after metamorphism and has been confirmed 
by deep seismic surveys; e. g. Goleby et al. (1993). 
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1.8 The Norseman-Wiluna Belt/Eastern Goldfields 
Province 
The Norseman-Wiluna Belt (NWB) has been mentioned briefly in connection 
with the nature of greenstone volcanism, this section aims to provide a more detailed 
review of the belt and a framework for later discussion of the Kambalda-Tramways 
corridor. 
The NWB is a richly mineralised Archaean greenstone belt up to 8001an long and 
150km wide (Barley & Groves 1988). The boundaries of the belt are generally 
defined by the presence and absence of banded iron formations (BIF). The internal 
structure of the belt is generally synformal though local domains may be dominated 
by antiformal structures. Deep seismic suggests that at their thickest the greenstone 
belts are no deeper than I Man (Barley & Groves 198 8). 
The NWB comprises a sequence of mafic and ultramafic rocks, felsic volcanics and 
sediments separated by granitoid bodies (Gresham 1986). Facies variations are rapid, 
eruption of the mafic-ultramafic association in deep water has been inferred 
(Archibald et al. 1981, Groves et al. 1984). The greenstones have locally (e. g. at 
Norseman) been dated at 2.7 Ga, where they overlie older greenstones containing 
BIF, dated at 2.95 Ga (Groves et al. 1989). 
These lithologies form a number of distinct, elongate greenstone belts within the 
Eastern Goldfields Province (Fig 1.2). These sub-divisions, here termed terranes, are 
elongate provinces within the NWB bounded by NNW trending strike slip 
fault/shear zones, some of which can be traced for more than 5001an along strike 
(Mueller & Harris 1987); the Boulder-Lefroy Fault is one such feature, with a 
documented strike length of over 1001an. These structures also define the boundaries 
of the NWB; they accommodated much of the strain during deformation and acted as 
conduits for hydrothermal fluids during metamorphism and deformation (Barley & 
Groves 1988). 
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Although the stratigraphy throughout the NWB is generally similar the provinces are 
defined by stratigraphic mismatches across the bounding fault/shear zones, 
suggesting these structures were active during deposition of the volcano-sedimentary 
sequences. Although the style of deformation is similar, structures generally cannot 
be correlated across the boundaries and in some places are markedly different. For 
example Gee (1979) highlights NE trending folds approximately 200krn north of 
Kalgoorlie, that terminate between two tectonic lineaments, he suggests this is 
evidence of block rotation. In most cases though the NNW trend is also borne out by 
the major upright fold structures, thought to post-date an earlier phase of recumbent 
folding and thrusting (Gresham 1986b). 
The terrane subdivisions of the Norseman-Wiluna Belt are further subdivided into 
tectonostratigraphic terranes, the Kalgoorlie, Callion, Norseman, Kurnalpi and 
Menzies Terranes (Fig. 1.4), of which the Kalgoorlie Terrane is the best defined 
(Swager et al. 1990). The Kalgoorlie Terrane is divided into four major domains 
(Coolgardie, Ora Banda, Kambalda, Boorara) and two smaller domains 
(Bullabulling, Parker). These domains are separated by the previously mentioned 
shear zones. Despite structural complications Swager et al. (1990) argue for a 
recognisable stratigraphic succession and a common deformation history. The 
Kambalda domain is bounded by shear zones on all sides (Fig. 1.4). These are to the 
NW, Abattoir shear; NE, Boorara shear; SE Boulder-Lefroy fault and to the SW the 
Zuleika shear. 
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Fig. 1.4 Terrane map of the Kalgoorlie region, highlighting the Kalgoorlie 
Terrane and its six constituent structural-stratigraphic domains. From Swager 
et al. (1990) 
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1.8.1 Kambalda Domain 
The Kambalda. domain is approximately 192km long and of variable width, 
only 1 11cm wide at Kambalda, 131cm at Kalgoorlie up to a maximum of almost l8km 
south of Widgiemooltha. Between Kainbalda and Kalgoorlie there is a marked east- 
stepping kink in the domain (Fig. 1.4). 
1.8.2 Zuleika Shear 
The Zuleika shear can be traced southwards from Callion for at least 2501an 
to Buldonia, east of Norseman. It is defined by a complex zone of alteration and 
stratigraphic mismatch. It is over one kilometre wide in places and no unequivocal 
marker units have been recognised across it. At specific localities evidence for 
vertical and horizontal movements exists but these are late stage, possibly reflecting 
only minor displacement (Swager et al. 1990). 
1.8.3 Lefroy and Talcum Faults 
The Lefroy and Talcum faults separate the poorly known Parker domain from 
the Kambalda domain in the west and the Boorara domain in the north. The Lefroy 
fault is a major long-lived shear zone with a possible early extensional phase during 
deposition of the greenstone lithologies followed by contractional and transcurrent 
movements during more recent deformation (Swager & Griffin 1990). The Boulder 
Lefroy Fault is associated with F3 en 6chelon folds indicating sinistral displacement, 
matching stratigraphy across the fault indicates a displacement of approximately 
12km (Clark et al. 1986). Swager et al. (1990) suggest that from stratigraphic, 
structural and geochronological data the Coolgardie, Ora Banda, Kambalda and 
Boorara domains have very similar deposition, deformation and granite intrusion 
histories, and therefore they represent a single tectonic terrane divided into several 
domains. 
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1.9 Models for the Geological Evolution of the 
Norseman-Wiluna Belt 
As discussed in previous sections various models of greenstone belt 
formation have been proposed. These have all been applied in one form or another to 
the Eastern Goldfields Province. The following section introduces these models with 
the aim of providing a broad framework to later discussions on the structural 
evolution of the Karnbalda Nickel Fields. 
1.9.1 Rift Origin for the Norseman-Wiluna Belt 
A rift origin for the Norseman-Wiluna Bclt has been proposed by several 
authors e. g. Archibald et aL (1978,1981), Gresham (1986a), Groves (1982), Groves 
& Batt (1984), Groves et al. (1984), Hallberg (1986), Martyn (1987), Hammond & 
Nisbet (1992), Williams (1993), Swager (1997), Lambert et al. (1998). This section 
covers models describing ensialic rifting, or those which are ambiguous with regard 
to the driving forces of the extension. Extension within a back-arc setting is 
discussed in section 1.9.2. 
Groves & Batt (1984) describe a "marked spatial and temporal heterogeneity in 
diversity and intensity of metallogenic associations in Archaean greenstone belts". 
Using this as a basis, and with specific reference to the Norseman-Wiluna Belt, they 
subdivide greenstone belts into platform and rift-phases with the following 
characteristics: 
Platform-Phase greenstones: 
* Poorly developed komatfite sequences. 
" Banded Iron Formations present. 
" No evidence for widespread fault control of these basins. 
" Possibly developed in shallow basins or on platforms. 
Rift-Phase greenstones: 
o Thicker, more extensive komatiite sequences. 
9 Terrane defined by linear tectonic patterns separating greenstone into slices. 
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" Relatively more complex stratigraphy than platform greenstones. 
" Rapid facies changes. 
" Banded Iron Formations absent. 
" NWB younger (2.8 Ga) than surrounding greenstones (McCulloch & 
Compston 1981). 
" NWB formed over shorter time period (ca 100 Ma) than surrounding 
greenstones (McCulloch & Compston 1981). 
These features indicate that rift-phase greenstones formed in a tectonically more 
active environment than platform phase greenstones. Groves & Batt (1984) and 
Groves et al. (1984) consider the Norseman-Wiluna Belt a type example of a rift- 
phase greenstone (Fig. 1.5). Groves et al. (1984) say the NWB "appears to have been 
a fault-bounded graben or rift zone up to 2001an wide and at least 8001an long, 
bounded on both the east and west by more stable basins characterised by BEF. " 
Structures believed to represent early low angle extensional shears, apparently 
emplacing gneiss domes in contact with granite-greenstone and compressing 
metamorphic gradients have been observed at locations in the Eastern Goldfields 
Province (e. g. Williams & Whitaker 1993, Williams & Currie 1993). Comparisons 
have been made between these and metamorphic core complexes (Hammond & 
Nisbet 1992). Hammond & Nisbet (1992) propose a model of Archaean crustal 
extension featuring extension of a brittle upper plate forming grdben and half-grAben 
to a depth of 10-15km. This is linked by detachments to an offset zone of pure shear 
defonnation in the ductile lower plate. They propose that the Norseman-Wiluna, 
greenstone belt formed in an extensional environment of this type that may have 
been initiated as early as 2.9 Ga. Importantly Hammond & Nisbet (1992) suggest 
that this early extension event (DE) was oriented approximately north-south, parallel 
to the tectonic trend of the Eastern Goldfields Province. Williams (1993) suggests a 
similar model, with asymmetric rifting the result of uplift due to mantle activity, 
possibly a plume. 
Swager & Nelson (1997) dispute the above models after a detailed study of an 
Eastern Goldfields gneiss complex showed its emplacement into low grade 
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greenstone occurred after early deformation, and found no evidence for the 
development of early half grdben. Swager (1997) does however support an ensialic 
setting for the greenstone basins, suggesting that they may be failed rifts that 
developed above an aborted spreading centre. The driving force for this extension for 
this might be the upwelling of an approximately north-south trending mantle 
convection cell; Swager (1997) suggests this may have been located beneath the 
Kalgoorlie Terrane. Furthermore (Swager 1997) he suggests that the terranes of the 
Eastern Goldfields Province are separate coeval ensialic basins and infers plate 
collision or convergence at a distant (350km east of Ida Fault) boundary to explain 
regional D2 shortening (Fig. 1.6). 
volcanic centres & rift phase platform phase 
associated mineralisation greenstones greenstones 
crust 
lithosphere felsic Norseman-Wiluna 
volcanic Belt 
centres 
Fig. 1.5 Rift model for formation of Norseman-Wiluna 
Belt, used to explain spatial arrangement of various 
ore deposits. 
From Groves et al. (1984). 
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A 
Sialic crust >3.0 Ga amalgamation of 
microGontinents 
Mantle c. 2.9-2.85 Ga greenstone 
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IOPý 
Fig. 1.6 Cartoons of models for late Archaean greenstone development 
in the Eastern Goldfields. 
A) Formation of sialic crust by amalgamation of microcontinents pre- 
dates c. 2.9 Ga greenstone successions. Suture zones separate former 
microcontinents; with slightly different gross chemical characteristics. 
B) Volcanic and epiclastic rocks are deposited in ensialic basins at c. 
2.72-2.675 Ga. Asymmetric extension with a moving locus of volcanism 
(Hammond &Nisbet 1993) is currently unsupported by geochronolgy 
(Swager 1997). Geochronolgy indicates identical ages of volcanismin 
all terranes in the southern part of the Eastern Goldfields. 
C) Convergent plate margin model with development above a west- 
dipping subduction zone (Nelson 1997). Collision is contemporaneous 
with, or just precedes, c. 2.66 Ga granite emplacement. 
From Swager (1997). 
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1.9.2 Convergent origin of the Norseman-Wiluna Belt 
Convergent continental margin models have also been proposed, (e. g Tarney 
et al. 1976, Barley et al. 1989, Groves et al. 1989). Barley et al. (1989) state that the 
majority of Phanerozoic hydrothermal Au deposits formed at or near convergent 
plate boundaries during the Late Palaeozoic to Quaternary. They compare the 
Norseman-Wiluna Belt with younger mineralised continental margins such as the 
North American Cordillera. Some mesothermal Au deposits in the North American 
Cordillera exhibit similar structural controls to Archaean Au deposits, being found in 
second order structures related to major strike-slip fault systems. Similarities of 
alteration assemblages, ore mineralogies, depositional conditions and inferred 
compositions of mineralising fluids are also recognised. 
From the Norseman Wiluna Belt Barley et al. (1989) define two broad tectono- 
stratigraphic associations of Ca. 2.7 Ga. 
1. Tholefites with calc-alkaline volcanics in the eastern part of the belt; typical 
of modem volcanic arcs. 
2. Tholefites with komatiite and sulphidic shales in the western part of the belt; 
suggestive of an extensional tectonic setting. 
They interpret these as a juxtaposed ensialic volcanic arc and back-arc basin 
complex developed as a result of westward dipping subduction. Juxtaposition of 
these associations into their present configuration is believed to have occurred in the 
period 2.66-2.63 Ga during compression partly from the SE, causing oblique slip on 
the faults now dividing the NWB into provinces. Displacement values on these 
structures are poorly established so it is possible that not all domains formed within 
or adjacent to the proto-Yilgarn Craton. Tectonic juxtaposition was followed by 
magmatisin with Au mineralisation in subsidiary structures occurring at Ca. 2.63 Ga. 
More recent models have exploited advances in geochronological and geochemical 
techniques which are providing valuable data, particularly with regard to absolute 
dating. As the mapping of the craton moves from the regional to the local scale these 
datasets allow a more detailed stratigraphy to be developed. 
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Fig. 1.7 Sketch of proposed tectonic setting of Eastern Goldfields. 
From Morris & Witt (1997). 
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This more detailed stratigraphy requires and enables the development of more 
rigorous tectonostratigraphic models for the evolution of the Norseman-Wiluna Belt. 
Detailed studies by Krape2 et al. (2000) used U-Pb SHRIMP dating of zircon to 
augment sequence stratigraphic analysis, to understand the evolution of several 
sequences in the Eastern Goldfields Province. Krape2 et al. (2000) showed that the 
Black Flag Group of the Kalgoorlie Terrane contains a series of depositional 
sequences, some bound by unconformities. These sequences comprise volcaniclastic 
and epiclastic turbidites with minor rhyolite-dacite pyroclastic flows and lavas 
(Krape2 et al. 2000). Morris & Witt (1997) consider the Black Flag Group to have 
formed in a back-arc basin, with felsic magmas derived from the melting of young 
oceanic crust (Fig. 1.7). Krape2 (1997) also attributed this formation, and the rest of 
the Kambalda Sequence, to formation in a deep marine basin, interpreted as a back- 
arc. Brown et al. (2002) studied similar, coeval rocks from the Gindalbie Terrane, 
directly east of the Kalgoorlie Terrane. They considered these to represent the initial 
stages of back-arc rifting but note that the Gindalbie Terrane forms a separate arc-rift 
system to that of the Kalgoorlie Terrane; hence suggesting that this represents lateral 
accretion along a common but complex margin, possibly similar to present day SE 
Asia. 
1.9.3 Accretion models 
Accretion models are distinct from convergent margin models described 
above in that they consider the constituents of the Yilgarn Craton to be potentially 
exotic terranes; and therefore involve different processes and results than a typical 
subduction related convergent margin. 
Swager et al. (1990) favour an accretionary model as it explains the variety in 
stratigraphic and structural styles of the Yilgarn Terranes. Further they say the 
transpressional deformation event recorded in the Eastern Goldfields Province 
suggests that translation of the crustal fragments was likely to have occurred before 
and during accretion, implying that the fragments are exotic terranes. 
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Myers (1995) envisages Archaean superterranes formed by the amalgamation of a 
large number of small, newly formed, crustal fragments; including island arcs and 
back-arcs (Fig. 1.8). This amalgamation process would not cause significant crustal 
thickening or mountain building, topographic relief remaining relatively low across 
most of the Yilgarn Craton. 
Archibald (1998) presents an allocthonous obduction model (Fig. 1.9). He envisages 
closure of a back-arc or oceanic rift basin as a result of a continent-continent 
collision; and suggests the Sulawesi magmatic arc as an appropriate analogue. 
Generation and assembly of east and central Yllgarn Superterranes 
c. 2.75-2.69 Ga 
c. 2.69-2.66 Ga 
c. 2.66-2.65 Ga Assembly of Yllgarn Superterranes 
West Yi1gam Superterrane East and Central Wpm Superterrane 
Fig. 1.8 Cartoon sections illustrating generation and assembly of the East and Central 
Yilgarn Superterranes and their amalgamation with the West Yilgarn Superterme to 
form the Yilgarn craton. From Myers (1995). 
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1.9.4 Mantle Plume Models 
Numerous authors have suggested that mantle plumes may be involved in the 
formation of the region (Archibald et al. (1978), Campbell el al. (1989), Hill et al. 
(1992), Hill (1993), Nisbet et al. (1993)). 
Barley et al. (1989) suggest that a global plume break out event occurred around 2.7 
Ga; and that interaction between plumes and convergent margins can account for the 
high degree of mineralisation seen in Late Archaean granitoid-greenstone terranes. If 
the Norseman-Wiluna Belt is considered to be part of a foreland fold-thrust orogen 
which developed during closure of a marginal basin (Barley et al. 1989, Krapel 
1997). Then such a plume breakout in adjacent areas would drive the closure of 
basins and cause terrane accretion and orogenic development. Barley el al. (1989). 
Closure of a partly continental marginal basin above a small plume head would 
provide a similar thermal regime to ridge subduction (Fig. 1.10). 
Recent work in support of a mantle plume origin includes Re-Os isotopic studies 
carried out on the Kambalda volcanic succession by Lambert et al. (1998). They 
conclude that eruption and emplacement occurred from deep mantle sources, in an 
ensialic terrane but with little crustal contamination and ground melting. Hollings et 
al. (1999) studied plume-arc interaction from greenstone belts in the Northern 
Superior Province of Canada. They concluded that the observed intercalation of 
komatiites and arc-type felsic volcanics is best explained by interaction between an 
ascending mantle plume and an adjacent subduction zone. 
Finally Batemen et al. (2001) describe a geochemical and Nd isotopic study of the 
Kalgoorlie area and conclude that all the mafic and ultramafic lavas in the area 
appear to be derived from a mantle plume. They explain the linear nature of the 
regional tectonics by suggesting that the plume may have been in the form of an 
ascending ridge rather than a dome. Furthermore they suggest that the well 
documented compressive deformation events may be a consequence of lateral 
compression induced by the ascent of a series of plumes in the region. 
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Fig. 1.9 Schematic diagram of obduction model for greenstone belt evolution. 
From Archibald (1998). 
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Fig. 1.10 Simplified tectonic and metallogenic model for the evolution of 
Archaean granite-greenstone terrains. From Barley et al. (1998). 
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1.9.5 Summary 
The field area for this project is located within the Kalgoorlie Terrane (Figs. 
1.2,1.4). This fault/shear zone bounded terrane is one of several that comprise the 
eastern part of the Yilgarn Craton. These terranes have a broadly similar stratigraphy 
consisting of a sequence of ultramafic and mafic volcanics, felsic volcanics and 
sediments (including volcaniclastics); granitoids may be intruded into all of these. 
However despite the similarity in stratigraphy, lithological contacts cannot be 
correlated across terrane boundaries. Similarly it is not possible to correlate specific 
structures between terranes, although terranes have a similar tectonic history. 
Structurally they are characterised by early low angle thrusting and recumbent 
folding with subsequent upright folding and strike-slip faulting. 
There is a wide variety of models for the formation of the Kalgoorlie Ten-ane, 
ranging from extensional, in ensialic rifts or back arcs; to compressional, in 
convergent margins or from the amalgamation of disparate exotic terranes. There 
remains discussion as to the effect of a mantle plume on any or all of these scenarios. 
Rifling is an obvious choice due to the large volumes of extrusive volcanics present. 
This has been discussed in terms of continental rifting (e. g. Groves et aL 1984) and 
in relation to back-arc basins (e. g. Barley et aL 1989) as part of a convergent margin 
model featuring westward dipping subduction. Potential driving forces that have 
been considered to cause rifting include undefined far-field plate stresses (e. g. 
Hammond & Nisbet 1992), uplift above a mantle plume (Williams 1993) and failed 
rifts above an aborted spreading centre (Swager 1997). However direct field 
evidence for regional basin bounding faults is limited and disputed (Swager & 
Nelson 1997); evidence for rifting is based primarily on inferences from lithological 
sequences. 
Accretion of exotic terranes was proposed by Swager et aL (1990) to explain the 
variation in structural and stratigraphic style of the different terranes that comprise 
the eastern Yilgam Craton. Myers (1995) presents a similar model of amalgamation 
of crustal fragments to form the craton. 
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The influence of mantle plumes was suggested by Campbell el aL (1989) and more 
recently by Lambert et aL (1998) and Bateman et aL (2001) who concluded that the 
volcanic sequences of the Kalgoorlie Terrane can be explained by the activity and 
temporal evolution of a mantle plume. 
It is clear that whilst the amount and quality of data available is increasing there is 
still no consensus regarding the general tectonic evolution of the Norseman-Wiluna 
Belt or the Yilgarn Craton. The work in this thesis is not intended to discriminate 
between any of the above models, but it may provide some more conditions that 
need to be satisfied by any model attempting to explain the evolution of the Yilgarn 
Craton in general and the Kalgoorlie Terrane in particular. 
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2.1 Introduction to the geology of the field area 
This chapter presents a combination of literature review and results of the 
authors work in the field. Section 2.2 provides a general description of the 
stratigraphy of the field area; the stratigraphy is well established and remains 
unaltered by this thesis so this section is taken from the literature. However work in 
progress at other institutions is significantly revising the stratigraphic history (Bryan 
Krapel pers comm) and some of these ideas will be incorporated in the later chapters. 
Section 2.3 is a literature review introducing the nickel sulphide bearing trough 
structures, they are described and discussed in greater detail in chapter three. Section 
2.4 describes the main structural features of the region from both literature and the 
authors work. Previous structural interpretations are described in section 2.5. Section 
2.6 discusses the structural geology of the field area, drawing both on previous work 
and the authors fieldwork. This section is used partly to revise some of the previous 
ideas of the structural history of the area, and also to introduce some of the issues 
which, it was hoped, computer based structural modelling (described in chapters four 
and five) might resolve. The chapter ends with a brief conclusion section. 
2.1.1 Geography of field area 
The field area is located in a semi-arid region; vegetation comprises mainly 
scrub woodland and maximum topographic relief is a few tens of metres. Surface 
outcrop is very limited and where present is heavily weathered; drilling to depths of 
20m and sometimes as much as 40 or 50m is required to acquire fresh samples. The 
central portion of the field area, including the southern half of the Kambalda Dome, is 
covered by Lake Lefroy, a large salt flat (Fig. 2.1). 
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Fig. 2.1 Landsat ETM false colour composite of the field area. Annotation 
of key faults and Lunnon Basalt-Kambalda Komatiite from Fig. 2,6. 
Note Lake Lefroy, the large salt flat south of the Kambalda Dome. 
Data from http-. //glcfapp. umiacs. umd. edu. 
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2.2 Stratigraphy of the field area 
The stratigraphy of the field area (Fig. 2.2) comprises a suite of volcaniclastic 
rocks with associated igneous intrusives. The earliest identified lithology is the 
Archaean Lunnon Basalt (A). This is overlain by the Kambalda Kornatiite Formation, 
which is subdivided into the Lower Silver Lake Member (B) and the Upper Tripod 
Hill Member (C); interflow sediment horizons are present within the komatiites. 
Nickel sulphide mineralisation occurs on or in close proximity to the basal contact 
between the Lunnon Basalt and the Kambalda Komatiite. 
2.2.1 The Lunnon Basalt Formation 
This consists of a sequence of thin (2-30m) pillowed lava flows, concordant 
gabbro-dolerites and thin interflow sediments. Deep drilling on the Kambalda Dome 
indicates the sequence is at least 2km thick (Gresham 1986) although it is unclear 
what proportion (if any) of this may result from tectonic thickening. A thin 
carbonaceous argillite-chert horizon separates a lower sequence of relatively 
magnesium-rich pillow basalt (Tower Hill Member) from a 100-200m thick upper 
sequence of less magnesium-rich pillow basalts, dolerites and massive basalts known 
as the Footwall Member, (Sugden & Hein 1995). Most of the lavas are fine-grained 
although some thicker flows have coarse-grained central parts. Hyaloclastic breccia is 
common, varioles and vesicles are absent. 
Geochemically, the Lunnon Basalt is a fairly typical Archaean tholefite with moderate 
MgO contents (5-10%), high nickel and Cr contents, low incompatible element 
contents, and minor LREE depletion. Basalts in the Tower Hill member have slightly 
higher MgO and Cr and slightly lower Ti, Ni, Y, and Zr than the basalts in the 
Footwall member (Sugden & Hein 1995). 
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Fig. 2.2 Stratigraphic column of the Kam bald a-Tra mways area. 
After Sugden & Hein (1990). 
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The Lunnon Basalt, and its stratigraphic equivalents in the Norseman-Wiluna Belt 
(NWB), represent a nearly continuous outpouring of compositionally uniform 
tholefitic lava to a thickness of approximately 8km over a distance of 500km (Olson 
et al. 1987). The widespread occurrence of pillow textures, hyaloclastic breccia and 
the lack of vesicles or varioles suggest relatively low-temperature eruptions into deep 
marine environments, with water depths in excess of 51an (Gresham & Loftus-Hills 
1981). The eruptions are believed to have taken place in approximately 15 Ma after a 
relatively quiescent period (Olson et al. 1987). 
2.2.2 Kambalda Komadite Formation Silver Lake Member 
The lower ore-hosting Member of the Kambalda Komatiite Formation 
conformably overlies the Lunnon Basalt Formation and generally consists of one or 
more high-magnesium komatiite flows (Fig. 2.3). The flows are 10-100m thick, the 
thickest at the base, thinning upwards. The basal Kambalda Komatiite flow and the 
Lunnon Basalt are generally separated by laminated, albitic and sulphidic sediments 
ranging in thickness from 0.5-3. Om (Fig. 2.3); (Sugden & Hein 1995). Within each 
flow, lateral variations in composition, differentiation and distribution of interflow 
sediments define two particular volcanic facies (Fig. 2.3). Firstly the ore hosting 
channel-flow facies and secondly the sheet-flow facies which does not contain ore. 
Regionally channel flow facies define channels which are sub-parallel, up to 14km 
long and 500m wide, and contain anomalously thick (up to 100m) sequences of 
olivine orthocumulates, mesocumulates and crescumulates grading up to 48% MgO 
(volatile free). The channels are commonly embayed into the Lunnon Basalt and 
contain little or no interflow sediment. All the komatiites in the region have been 
altered by metamorphism. 
Beresford el al. (2000) make the important observation that vesicles are present in 
many of the komatiites at Kambalda. Vesicles are distributed primarily within the 
olivine cumulus portions of the komatiite, i. e. not within the upper spinifex textured 
flow portions. They occur in zones which are commonly reverse graded in terms of 
vesicle percentage and size, and contain sharp upper margins with diffuse lower 
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margins. Individual komatlite flows may contain up to four such horizons within a 
single flow unit with no sign of a chilled margin or parting between them (Beresford 
et al. 2000). 
The occurrence and distribution of the vesicles is explained by Beresford et al. (2000) 
partly in terms of komatiite emplacement. They consider it results from incremental 
emplacement by endogenous growth, whereby additional material is accommodated 
by upward movement of the frozen lava crust, i. e. inflation (Beresford et al. 2000). 
This requires that the komatiite flows were emplaced in a laminar flow regime, this 
aspect is considered further in chapter three. 
sheet flow facies channel flow facies sheet flow facies 
non-ore environment ore environment non-ore environment 
harrisite layer 
low MgO (26%) 
flanking 
contact ore 
high MgO (44%) 
TROUGH 
interflow 
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a! ng!!! 
t 
ore I 
offset 
,, orý \ contact 
interflow sediment 
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Lunnon basalt 
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spinifex layer 
nickel sulphide ore 
Fig. 2.3 Schematic diagram of a Kambalda ore trough illustrating typical features. These 
features are not all found in the same trough at the same time. 
After Cowden & Roberts 1990. 
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2.2.3 Interflow Sediments 
Within the Silver Lake Member these are divided into three main types: 
1. Pale-grey cherty rocks. 
2. Black, carbonaceous shales. 
3. Dark-green chlorite-rich rocks. 
Generally sediment thickness decreases and the albite/quartz ratio increases towards 
the sediment-free channel-flow facies. 
2.2.4 Nickel Sulphides 
Nickel Sulphide deposits are confined to the komatiite channel facies, forming 
ribbon like shoots at the base of the first flow (usually termed contact ore), and 
occasionally at the base of overlying flows (hangingwall ore), (Fig. 2.3). The lower 
ore positions generally overly basalt directly and are up to Urn in length, about 300m 
wide and less than 5m thick. The volcanic stratigraphy represented by the Channel 
flow facies and the sheet flow facies is generally thought to result from the flow of 
large volumes of komatiite lava down central feeder channels, with episodic (or 
singular) overflow to form thinner overbank sheet flows (Sugden & Hein 1995). 
The ore profile generally consists of a lower layer of massive sulphides (>80% 
Sulphide) overlain by matrix sulphides (40-80% sulphide) and an upper layer of 
disseminated sulphides (Cowden & Roberts 1990). This disseminated ore is found as 
spherical to ellipsoidal blebs up to 5mm in width and 25mm in length which are 
interpreted by Beresford et al. (2000) as infilled vesicles. The mineralogy is primarily 
pyrrhotite, pentlandite and pyrite with considerable variation in the relative 
proportions between different ore bodies. 
The source of the nickel sulphide mineralisation has been the subject of much debate 
and is beyond the scope of this thesis. However it is now thought that melting of the 
sulphide rich sedimentary rocks generated a sulphide-oxide immiscible melt and a 
silicate rich xenomelt. The high density sulphide-oxide melt was segregated by 
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gravitational settling at the flow base, forming contact or hangingwall ore. The felsic 
xenomelt was turbulently mixed and assimilated with komatiite, in rare cases it was 
transported to flow positions in the marginal sheet flow facies, forming ocellar 
komatiites, (Lesher el al. 1984). 
2.2.5 Kambalda Komatiite Formation Tripod Hill Member 
The Tripod Hill Member comprises up to 700ra of thin (<0.5-10m) komatiite 
flows. Thickened zones, representing weakly developed channel-flow facies have 
volatile-free MgO contents up to 35%. Interflow sediments are absent or only weakly 
developed. Compared to the Silver Lake Member komatfite flows, the Tripod Hill 
Member flows are significantly thinner with less lateral continuity. The Tripod Hill 
Komatiite represents relatively continuous, less voluminous eruptions of komatiite 
lava. There are distinct lateral facies variations within the individual flows, 
highlighted by variations in thickness and textural development (Thomson 1989). 
2.2.6 Devon Consols Basalt 
The 60-100m thick Devon Consols Basalt comprises pillowed and massive variolitic 
lava flows, and thin differentiated dolerites. The lower contact with Tripod Hill 
Kornatiite is typically gradational but locally sharp (Sugden & Hein 1995). 
2.2.7 Kapai Slate 
The Kapai Slate is an important regional stratigraphic marker, located 
between the Devon Consols and Paringa Basalt Formations (Sugden & Hein 1995). It 
consists of two or three 5-8m thick beds of. 
* Laminated pyritic or pyrrhotitic graphitic slate or phyllite. 
9 Laminated pyritic or pyrrhotitic chert. 
9 Magnetite-bearing chert or phyllite. 
Isoclinal, intrafolial folds occur throughout this unit. The bands of sediment are 
separated by albitised mafic rocks, rhyolite sills or regionally extensive lamprophyre 
sills. The sulphide-rich facies (siliceous and carbonaceous) is considered by Marsh 
(1988) to have been deposited in an active extensional basin where sea floor 
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hydrothermal alteration was intense. Temperatures ranged from 300-350'C and pH 4 
to 6. The siliceous sedimentary component is considered to represent a combination 
of tuffaceous debris from distal felsic volcanic eruptions and minor chemical 
deposition from silica-rich exhalations. Carbonaceous material probably originated 
from non-photosynthetic bacteria and blue-green algae inhabiting quiescent sea floor 
environments. The magnetite-rich facies of the Kapai Slate is considered by Marsh to 
have formed as a result of contact metamorphism during intrusion of the Defiance 
Dolerite at 650 ± 500C. 
2.2.8 Paringa Basalt Formation 
The 500-1,000m thick Paringa Basalt Formation comprises thin variolitic, 
pillowed flows and thick, differentiated dolerite units (Defiance Dolerite). Thin, 
laminated interflow cherty sediments are prominent towards the base of the 
formation. They are characterised. by high MgO (12-16%) and Si02 (49-57%) 
contents; and are commonly described as siliceous, high Mg basalts (Sugden & Hein 
1995). 
2.2.9 Black Flag Beds 
Newtown Felsic Formation 
The only exposure of this unit in the Kambalda area consists of coarse 
rounded quartz-albite-K-feldspar crystals in a foliated felsic matrix. Brauns (1991) 
interpreted this unit as hyaloclastic breccia top facies of deep marine dacite domes. 
Morgan's Island Epiclastic Formation 
This formation comprises schistose, psammitic to boulder breccias and 
conglomerates, interbedded coarse gritstones, sandstones and greywackes. 
Sedimentary features include angular to sub-rounded oligomictic clasts primarily of 
felsic composition, disorganised beds to weak ordering and clast imbrication, 
structured sandstone and greywacke beds. These are overlain by fine-grained 
siliciclastic turbidites; interbedded with thin sandstone-siltstone beds and laminated 
shales. Some Bouma sequences are preserved with basal scouring, convoluted and 
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loaded sandstones, ball structures, ripple cross-beds, climbing ripples and plane 
laminations (Sugden & Hein 1995). Brauns (1991) suggested that the breccias were 
produced by lava chilling of the surfaces of dacitic domes. 
Current work in the Black Flag Beds has identified a series of 
unconformities/disconformities representing significant time gaps (Bryan Krapel pers 
comm); it is likely that this will cause significant revision of the stratigraphic history 
presented here. 
2.2.10 Merougil Formation 
Conglomerate-dominated facies 
The conglomerate facies comprises basal oligomictic conglomerate conformably 
overlain by a polymictic conglomerate. It has been interpreted as a proximal gravel 
dominated braid-plain with a high velocity, upper flow regime and rapid dumping of 
sediment (Bader 1994). 
Sandstone dominated facies 
A conformable sequence of interbedded to thin, ripple cross-bedded sandstones, 
cross-bedded sandstones, cross-planar laminated sandstones, planar laminated 
sandstones and rare pebble conglomerates. Clasts include quartz, meta-sedimentary 
fragments and feldspar. Interpreted as a proximal sand-dominated braid plain. Upper 
to lower flow regime and tractional deposition (Bader 1994). 
2.2.11 Dolerites 
A number of mafic intrusions/extrusions of varying thickness and displaying 
varying degrees of differentiation occur within the K=balda stratigraphy. Several 
dolerite/gabbro sills are known in the Lunnon Basalt; others occur at the base of and 
within the Devon Consols Basalt (Victory Dolerite and Trafalgar Dolerite); at the 
base of the Paringa Basalt (Defiance Dolerite), and within the Black Flag Beds 
(Junction Dolerite and Condenser Dolerite). The Defiance Dolerite and Junction- 
Condenser Dolerites are important hosts for gold mineralisation. The high 
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magnesium Defiance Dolerite is up to 300m thick and is interpreted as having 
fractionated in-situ producing five intemally consistent zones or layers. It is unclear 
whether it is a high-level intrusive sill or an extensive, thick, flow (Sugden & Hein 
1995). The Junction and Condenser Dolerites are thicker (500m) and considered to be 
laterally equivalent to the Golden Mile Dolerite. They formed by the in-situ 
differentiation of a tholefitic magma intrusion creating an intemal zonation broadly 
similar to that in the Defiance Dolerite. The zonation in these units can be used as a 
way up indicator. 
41 
Chapter Two 
2.3 The Trough Structures 
Trough Structures are particularly important meso-scale structural features 
located at the Lunnon Basalt-Kambalda Komatiite contact; where they host 
approximately 80 % of the nickel ore reserves (Cowden & Roberts 1990) (Fig. 2.3). 
Traditionally they have been thought of as linear channels continuous over lengths of 
several kilometres. On regional scale maps (Fig. 2.4) this is relatively true however, 
when looking at them in detailed maps or in underground exposures they are seen to 
be much more complex. It is suggested that this is partly because they have been 
misinterpreted as single continuous channels, whereas in fact they consist of 
numerous structures of similar trend in a localised belt. The troughs are embayments 
in the Lunnon Basalt-Kambalda Komatiite contact, they are linear features oriented 
parallel/sub-parallel to the regional NNW-SSE structural trend, they have lengths of 
hundreds of metres to kilometres, widths of tens to hundreds of metres, and depths 
from metres to tens and rarely, hundreds of metres. 
The Kambalda Komatiites overlying the troughs show distinct petrological and 
morphological variations in comparison with those which are not associated with 
troughs. These variations define the channel and sheet flow facies within the 
komatiite described in section 2.2.2. Channel facies komatiites are generally 
superposed above structural troughs and have similar dimensions, lengths of at least 
10 kilometres and widths of 150-500m (Cowden & Roberts 1990). On the northwest 
part of the Kambalda Dome the troughs and channels are found in sub-parallel pairs 
approximately 1,000m apart (Cowden & Roberts 1990). One trough containing high 
tenor ore, the other low (tenor is defined as Ni in 100% sulphides, low <8% Ni, 
medium 8-14% Ni, high >14% Ni; (Cowden & Roberts 1990). 
The bounding structures of the troughs are also variable (Gresham & Loftus-Hills 
1981). In places these consist of two opposed thrusts forming basalt-basalt pinchouts 
at either side of the ore trough, elsewhere single fold-thrust couples are seen, 
structures apparently resembling normal faults are also apparent (Fig. 2.3). In the 
majority of cases the trough structures have been significantly modified by 
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deformation post-dating ore formation, and this accounts for some of the observed 
variation. In places later faults have cut and displaced ore bodies with ore frequently 
smeared between basalt in association with fold-thrust couples, or displaced short 
distances (several metres) into the overlying komatilte. Some of the fold-thrust pairs 
were perhaps initiated as cusp folds which then developed into minor thrust 
structures. Cusp folds may form as a result of an initial irregularity in the basalt- 
komatiite surface at the edge of the ore, the cusp points into the more competent 
material (Price & Cosgrove 1990), i. e. the basalt. With continued compression these 
could develop into the classic fold-thrust couples that are reported at the edge of some 
of the ore troughs; this method allows for the development of the counter-intuitive 
opposing structures. The trough structures are described and discussed in greater 
detail in chapter three. 
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2.4 Structure of the field area 
The Kambalda-Tram ways corridor comprises part of the Kambalda domain 
(Fig. 2.5), a subdivision of the Kalgoorlie terrane which in tum is one of a senes of 
elongate NW-SE trending fault and shear zone bounded terranes which together 
comprise the Norseman-Wiluna Belt (Swager & Griffin 1990). The Kambalda- 
Tramways corridor is approximately 60km long by I Okm wide, and trends NNW-SSE 
(Fig. 2.6). In the east it is bound by the regional Boulder-Lefroy Fault. The western 
boundary is approximately the surface contact between the Archaean volcanics and 
the later sediments, this contact is partially tectonic, the Zuleika shear forming part of 
the contact between the Merougil beds and the Black Flag Formation. 
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There are several main features in the area which are central to an understanding of 
the regional structural evolution. The Kambalda Dome at the north of the corridor; 
and moving south the Foster, Tramways and Democrat-Republican fold-thrust 
structures (Fig 2.6). These will be introduced in turn. 
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2.4.1 The Kambalda Dome 
The Kambalda Dome (Figs. 2.6A, 2.7) is located at the northern end of the 
Kambalda-Tramways corridor. The Dome shape is primarily defined by the Lunnon 
Basalt-Kambalda Komatiite contact. However the geometry is complicated by felsic 
intrusives, particularly evident in the north and east of the dome; and the Otter and 
Fisher troughs on the west limb of the dome. These troughs are formed by east 
directed thrust wedges which are prevalent on various scales on the west limb of the 
Kambalda Dome (Fig. 2.7b). These thrusts have displacements of the order of 
hundreds of metres and are seen to tip out on the western limb of the Kambalda 
Dome (Fig. 2.7b). Overall the structure is an asymmetric pericline with long axis 
oriented NNW-SSE; approximately 7.51an long and 4krn wide, it appears in plan 
view as an inverted teardrop. The cast limb is steep to sub-vertical with local 
overturning. The north and west limbs dip at approximately 40% the southern tip dips 
more gently at 15-200. 
2.4.2 The Foster Thrust 
The Foster Thrust (Figs. 2.6B, 2.8) is located south of Lake Lefroy and is the 
next major structure south after the Kambalda Dome. The thrust emplaces Lunnon 
Basalt in the south over Paringa Basalt in the north (Swager & Griffin 1990). In map 
view it is strongly curved, trending approximately E-W in the south but becoming 
NNW-SSE as it moves west away from the Boulder Lefroy Fault (Fig. 2.8). The 
structure has no surface outcrop, its position being known from aero-magnetic data 
and the geochemical sampling necessary to confidently distinguish the Lunnon and 
Paringa basalts. There is no surface or underground exposure of the fault and only a 
few diamond drill holes have penetrated it. These show very distinct shear fabrics 
(Nguyen 1995); unfortunately the core was not oriented and there is insufficient 
information to allow orientation by other methods; hence there are no direct 
kinematic indicators from the fault surface. The fault geometry indicates a transport 
direction in the range due north to due east (assuming transport normal to the surface 
trace of the thrust), though it is unclear how much of this shape is the original thrust 
geometry and how much the result of later folding. Approximately 
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half-way along its length the NW-SE trending segment of the fault changes trend 
(Fig. 2.8). The segment continues to the NW where it cuts the contact between the 
Paringa Basalt and the Black Flags Formation, so that Lunnon Basalt is emplaced 
onto the Black Flags Formation (Fig. 2.8). As this change in trend occurs along the 
strike of the fault it must represent a lateral or oblique ramp in the thrust plane. This 
indicates a complexity to the Foster Thrust fault plane that has not previously been 
recognised, and remains poorly known. 
2.4.3 The Tramways Fold-Thrust 
The Tramways fold-thrust structure (Figs. 2.6C, 2.9 a, b) is located 
approximately 161an south of the Foster Thrust. Lunnon Basalt and Kambalda 
Komatiite are thrust and folded northwards over the Black Flags Beds. In contrast 
with the Foster and Democrat-Republican structures the Tramways thrust lacks a 
NW-SE trending segment, it is oriented ENE-WSW. As the area is mined there is 
more detailed knowledge of the hangingwall geometry. The Lunnon Basalt is 
overturned with northward vergence and the forelimb has been cut by the thrust (Fig. 
2.9 b). The main Tramways fold axis is sub-parallel to the thrust but has been folded 
by the later E-W directed compressional event considered responsible for the 
Kambalda Dome, this divided the Tramways fold into two anticlines separated by a 
syncline, all with axes trending NNW-SSE (Fig. 2.9 a). At surface the thrust emplaces 
Lunnon Basalt and, in the east, Kambalda Komatiite, onto a footwall of Black Flags 
Beds. Drill logs through the Black Flags Beds in the footwall show numerous 
reversals in younging direction (J. Hand pers. comm) and indicate complex northward 
vergent faulting and folding some of which is recumbent, probably representative of 
unknown deeper structure at the Lunnon Basalt-Karnbalda Komatiite level (Fig. 
2.10). This is also indicated by the fact that compositional layering in the Junction 
and Condenser dolerites faces each other (L. Offe pers. comm), indicating the 
presence of a syncline between these two units (Fig. 2.11). This syncline has also 
been folded by the NW-SE trending Karnbalda anticlinorium, the dolerites having the 
same curved shape as the Foster Thrust. 
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2.4.4 The Democrat-Republican Thrust 
This structure (Figs. 2.61), 2.12) marks the southernmost boundary of the 
field area and is approximately 9km south of Tramways. The overall geometry is 
similar to that of the Foster structure. Adjacent to the Boulder Lefroy Fault the thrust 
trends ENE-WSW but abruptly changes orientation to become NNW-SSE trending 
15km west of the Boulder-Lefroy Fault (Swager & Griffin 1990). The exact 
northward extension of the fault could be as much as 30-35km. It displaces Lunnon 
Basalt and Kambalda Komatiite onto the Black Flags Beds; and exhibits later folding 
about NW-SE axes similar to that seen at Tramways. 
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2.5 Previous Structural Work 
Archibald (1985) produced the first attempt at a synthesis of structures in the 
Kambalda-Tramways corridor ranging in scale from the micro to the macro; this work 
provides the basis for all structural interpretations in the region. He defined a four 
phase deformation history: 
D1 Regional north directed thrust stacking event forming the Foster, Tramways 
and Democrat-Republican thrusts. 
D2 Asymmetric inclined to recumbent folds with approximately N-S trending 
fold axes commonly dislocated by shear zones parallel or sub-parallel to their axial 
surfaces. Examples of macroscopic D2 folds include the Gellatly antiform, discussed 
in section 2.6. Mesoscopic D2 folds are best developed in sedimentary horizons as 
moderate to tight structures, with a weak to moderate axial surface cleavage. Most of 
the deformation at the Lunnon Basalt-Kambalda Komatiite contact in the region of 
the nickel sulphides occurs at this time. 
D3 Formation of upright open folds with NW-SE trending fold axes, large 
wavelengths and low amplitude. Macroscopic structures are dominantly antiformal, 
low angle plunges and plunge reversals result in domal structures, the Kambalda 
Dome was formed at this time. Major faults such as the Boulder-Lefroy and Merougil 
(bounding the east and west of the Kambalda Dome respectively) were initiated 
during D3. 
D4 This is concentrated in the major fault zones, particularly the Boulder-Lefroy. 
These faults were initiated during D3 but continued to develop during D4. 
This four phase deformation sequence remains the basis of the accepted structural 
evolution for the Kambalda nickel region. 
Swager & Griffin (1990) revise the model of Archibald (1985) based on regional 
mapping (Griffin 1990) and more detailed mapping in the Kambalda-Tramways 
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Corridor. This work covers the area from Tramways in the south extending north of 
the Kambalda. Dome to the Feysville Fault (Fig. 2.13). Swager & Griffin (1990) relate 
the Foster, Tramways and Democrat thrusts in terms of a thin-skinned thrust duplex. 
Assuming the thrust segments seen in cross section Fig. 2.13 are frontal ramps, the 
duplex has a northward transport direction though they point out that the movement 
history is not definitive due to lack of fault plane kinematic data. Regionally they 
describe three distinct phases of deformation: 
DI Northward directed thrusting and recumbent folding forming the duplex. 
D2 NNW trending transcurrent folding. 
D3 Continued regional shortening. 
Swager & Griffin (1990) suggest that D2 and D3 occur-red within an approximately 
NE-SW oriented transpressive regime, probably reflecting a progressive change in 
principle stress orientation. They also show that the Karnbalda Dome is part of a 
general anticlinoriurn running parallel to the Boulder Lefroy Fault (Fig. 2.13). 
In a separate study Swager (1989) identified an early fold at Kalgoorlie, north of this 
authors field area; which he suggested might represent an east to west transport 
direction for the early thrusts. 
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Cross section shows these structures interpreted as a "mega-duplex". 
From Swager & Griffin (1990). 
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2.6 Discussion 
The Kambalda Dome was originally considered to be formed by the intrusion 
of a granitoid which was thought to core the structure (T. Sugden pers comm). There 
is no evidence to substantiate this since the felsic intrusions seen both at surface and 
underground are sills and dykes, none of the drilling on or around the dome indicates 
the presence of a pluton that could have caused the formation of the Kambalda Dome 
in this way. 
Archibald (1985) suggested that the Kambalda Dome is an interference fold 
developed during D2 & D3 of the four phase deformation cycle he proposed. 
Attributing the Kambalda Dome to a fold interference structure seems unnecessarily 
complex and is apparently based on the supposition that, as the structure is a "doubly- 
plunging anticline" it requires two deformation events to form. Again there is a lack 
of evidence to support the theory, and some of that which is used is incorrect. The 
Kambalda Dome is an isolated feature, not part of a regional interference pattern; for 
it to form as suggested by Archibald (1985) requires a 90* shift in principal 
compression direction, the regional context in which this might occur is not discussed 
by Archibald (1985). In this respect the transpressional deformation history of Swager 
& Griffin (1990) provides a more satisfactory explanation. 
The D2 phase of Archibald (1985) is represented by a series of macroscopic 
structures of which the Gellatly antiform and Loreto synform (Fig. 2.14 a) are cited as 
prime examples. Archibald (1985) considers the Gellatly antiform is a recumbent 
isoclinal fold with an axial surface dipping west at 30-40". Therefore the lower limb 
of the fold should show an inverted stratigraphy, however examination of drill logs 
through the Gellatly antiform carried out by the current author show no indications 
(e. g. inverted pillows) that this is the case. Similarly there is no reversal of the 
komatiite stratigraphy of the Loreto syriform as would be expected if this were also an 
isoclinal recumbent fold. Therefore it is suggested that the Gellatly antiform is better 
explained as a thrust wedge, as shown in Fig. 2.14 b rather than a fold. The relatively 
minor deformation observed in the Loreto synform results from the komatiite 
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footwall being dragged into the fault zone (Brown 1995). Irregularities in the basalt- 
komatiite contact on the upper surface of the thrust wedge are indicative of fore- and 
back-thrusting; there may also be some internal imbrication of the wedge possibly 
leading to the development of a pop-up (Fig. 2.14 b). 
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Fig. 2.14 a) Cross section showing Gellatly structure interpreted as a recumbent 
anticline. From Archibald (11985). 
b) Cross section showing Gellatly structure interpreted as a thrust wedge, 
topography of top surface might be indicative of internal imbdcation of the wedge 
however author has no direct evidence for these faults. 
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Some of these structures have cut and displaced ore on the upper surfaces of the 
thrust wedge. Although no underground access could be gained to this area it is clear 
that the Gellatly antiform and Loreto synform cannot be folds as proposed by 
Archibald (1985). There is therefore no need for his D2 classification which is 
significant in the formation of the Kambalda Dome as an interference fold. 
If the Kambalda Dome does not contain large scale isoclinal folds such as that 
postulated for the Gellatly antiform, it is reasonable to propose that a proportion of 
the smaller embayments previously identified as folds are in fact thrusts. Imbrication 
in the Loreto thrust wedge may be indicated by some of the topography on its upper 
surface (Fig. 2.14 b). Within massive basalt, faults which may have hundreds of 
metres displacement may be no more than very thin fracture/shear zones. These may 
be hard to identify in drill core, particularly when there are losses during drilling. For 
this reason it is reasonable to consider that significant faults within the Loreto thrust 
wedge, and elsewhere in the Lunnon Basalt may not been identified. 
During the early stages of this project the possibility of the dome being formed 
entirely by thrust tectonics, excluding fault bend folding, was considered. However 
the Kambalda Dome must be attributed at least partially to folding; it is not purely a 
thrust structure such as an imbricate fan. The nature of the folding is not yet 
determined though. The most likely possibilities are that it is an asymmetric periclinal 
fold with large thrusts (the Loreto and Fisher thrusts) on the western limb and smaller 
thrusts further east within the structure; or alternatively a fault bend or fault 
propagation fold. Regional seismic data (Goleby et al. 1993) shows the Boulder 
Lefroy Fault flattening out westward, becoming horizontal/sub-horizontal at 
approximately 51an depth (Fig. 2.15). This suggests the BLF could be an original 
thrust structure which subsequently reactivated as a strike slip fault. The Kambalda 
anticlinorium could then be a ramp anticline with an eastward transport direction 
(Fig. 2.16 a). In this model the eastern limb of the Kambalda Dome would be the 
forelimb of the ramp anticline, with a steeper dip than the western backlimb. 
Alternatively it is also possible that the Kambalda Dome is a structure analogous to 
the Tramways feature, but is exposed at a higher structural level, i. e. a fault bend or 
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fault propagation fold above a northward transporting fault (presumably related to the 
Boulder-Lefroy Fault) present beneath the Kambalda Dome (Fig. 2.16 b). 
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Fig. 2.15 Geo-seismic section through the Eastern Goldfields approximately 
100krn north of Kambalda with detail showing general form of the Boulder- 
Lefroy Fault. 
From Goleby et a/. (1993). 
Swager & Griffin (1990) assume that the main thrusts in the area (Foster, Tramways 
and Democrat-Republican structures) result from thin-skin tectonics. If this were the 
case any major thrust beneath the Kambalda Dome would also be a part of this 
system. A northward transport direction would fit with this model as the asymmetry 
of the Kambalda Dome in N-S section is compatible with a fault bend or fault 
propagation fold model (Fig 2.16 b); however to date no potential candidate for this 
fault has been found. The thin-skinned model requires a large amount of horizontal 
N-S shortening, but gives no consideration to what is happening in the basement at 
this time. Presumably either that was shortened by a similar amount or there was a 
major detachment at the base of the greenstones. This has complications as the likely 
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driving force for the thrusting is possibly the accretion of a series of Archaean micro- 
continents (Myers 1993), a process which would also have affected the base of the 
crust. 
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Fig. 2.16 Sketch cross sections through the Kambalda Dome illustrating the 
principal of its formation as a fault-bend-fold above either an east or a west 
transporting thrust. 
An alternative to the thin-skinned model described above is to consider the Foster, 
Tramways, and Democrat-Republican thrusts as thick skinned structures, possibly 
initiated from earlier structures during a later transpressional deformation. In this case 
there would be no duplex and no need for a large horizontal shortening. This potential 
for relatively little shortening on these faults is supported by field data. The 
Tramways structure is overturned and although the footwall cut-off position is 
unknown (Figs. 2.9 b, 2.10) it is unlikely (based on local stratigraphic thicknesses) to 
62 
Chapter Two 
be more than one kilometre deep, this limits the amount of displacement that can 
have occurred on the fault. Similarly the Foster thrust hangingwall may also be 
overturned (Nguyen 1995) in which case the displacement on this thrust would also 
be in the region of hundreds of metres, rather than kilometres. Small displacements 
such as this would preclude the thin-skinned model of Swager & Griffin (1990). 
The transport direction of the Foster, Tramways, and Democrat-Republican thrusts is 
unclear; lack of surface and underground exposure prevents access to kinematic data 
from them. Several drill holes have penetrated the Foster thrust although the core was 
not oriented and so they cannot be used for reliable kinematic analysis. As discussed 
in section 2.4.2 the surface traces are strongly curved. If it is assumed that the 
transport direction was normal to these then predominantly E-W rather than N-S 
shortening is implied. Although a certain amount of this curvature will be due to the 
folding about NW-SE trending axes that affected the area post-thrusting. If lateral 
ramps could be confidently mapped on these faults then they would also provide 
valuable kinematic indicators however there is insufficient sub-surface data to do this. 
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2.7 The Deeps F wedge 
The Deeps F thrust wedge is located east of and is analogous to the Loreto 
thrust wedge (Figs. 2.14,2.17); in east-west cross section it has apparent 
displacement of 500-600m. Portions of the Deeps F thrust wedge were mapped at two 
main localities in the Otter-Juan mine, with the aim of gaining kinematic data that 
would constrain the movement history of the Deeps F fault (See Appendix for field 
slips). In particular to discover whether it is entirely the result of E-W compression, 
and to what extent it may have been active as a strike-slip structure. One of the 
possibilities considered at the beginning of this project was that the thrust wedges are 
the result of late strike-slip deformation on NW-SE trending faults. This would have 
occurred after the formation of the Kambalda, Dome and so could account for the 
apparent reverse offset in an east-west cross section and the high angle of dip 
frequently seen on faults such as the Deeps F. This data may also be applicable to the 
other similar thrusts in this region of the Kambalda Dome, notably the Loreto and 
Fisher structures (Figs. 2.7,2.14). The localities mapped were the approximately east- 
west trending 1632 incline which provides a cross section approximately normal to 
the fault from the hangingwall basalt of the thrust wedge through thirty metres of 
komatiite into the footwall basalt of the adjacent thrust wedge. It was also mapped 
around the 10 16/1 area which trends approximately north-south in the central portion 
of the wedge, (Fig. 2.17), several brief visits were also paid to the 1932 sub near the 
base of the thrust wedge. 
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Schematic diagram showing areas mapped in 
the vicinity of the Deeps F thrust 
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Fig. 2.17 Schematic block diagram of the Deeps F Thrust wedge showing 
location of mapped areas. 
2.7.1 1632 Incline 
This Incline exposes a section (Figs. 2.18,2.19) from the west side of the 
Deeps F wedge into the footwall komatiite and back into the basalt of the next thrust 
wedge (Fig. 2.17). 
Within the hangingwall basalt all the recorded shear indicators indicate a top to east 
movement, consistent with the generally accepted transport direction for these thrusts 
on the Kambalda Dome (Archibald 1985). The most intense deformation within the 
basalt is a 4-5 metre thick zone approximately 10 metres west of the hangingwall- 
footwall contact. It is best exposed in the south wall of the incline, it can be traced 
into the roof and north wall where it becomes indistinct; it is oriented approximately 
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Fig. 2.18 Map of 1632 Incline, Deeps F Thrust wedge, Kambalda Dome. Note 
map shows opposite walls of incline - 
340'/70'W, and is charactensed by quartz-carbonate veining; possibly alteration 
around pillows. The dominant vein set is 344cl/15OW with apparent minor reverse 
displacement of approximately one cm observed at one locality. Several quartz veins 
have step structures on slickenside surfaces indicating inconsistent slip vectors and so 
may not be related to movement on the main fault. On one of these steps a lineation 
plunges 320-2190, slickensides developed on another plane of similar orientation 
plunge 101-2490, indicating that the previous lineation may also be a slickenside, and 
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suggesting a component of displacement towards the NE. In the plane of the cross 
section (Fig. 2.19) the veins dip west at 3" and 14", which would be consistent with 
the eastward transport direction, however the YW vein has a true dip of 84"S and 
shows minor top to north reverse displacement. As this occurs on a vein which strikes 
approximately 0501 and has slickensides plunging to the SW strike slip displacement 
is indicated. This is comparable to that of the late NE-SW trending faults seen on 
figure 2.6 to displace parts of the Kambalda Dome and the Merougil Basin. 
Several metres east a 20cm thick komatiite shear zone is seen containing talc fibres 
oriented 491-200" (Fig. 2.19). This suggests that the basalt to the east (Fig. 2.19) may 
be a loose block within the fault zone. Immediately west of this komatiite shear zone 
a quartz vein oriented 258"/45*S contains slickensides plunging 16"-106* indicating 
south block to east oblique, predominantly strike-slip displacement. 
In the footwall komatiite the most intense deformation is seen within 10-15 metres of 
the hangingwall basalt. Beyond this there is no appreciable deformation, the rock 
appears massive until the footwall basalt contact. The komatiite shear zone has the 
form of a series of discrete anastomosing and cross cutting shear zones which 
accommodate the deformation within the komatiite. Within the shear zone elongate 
pods of komatiite and altered basalt of 0.5-1 metre in length are common. Within this 
area a quartz vein contains slickensides plunging 25*-360* and microfolds developed 
in talc fibres indicating top to west displacement. These are incompatible with the 
general models and inconsistent with each other. They probably result from 
individual blocks being jostled within the shear zone. 
Because of the nature of the deformation within the komatiite it is very rare to see a 
marker horizon with definite displacement across it and it can appear that the basalt 
wedge has forced its way into the komatiite, Le. there were shear zones on both the 
upper and lower surfaces of the basalt wedge. However the presence of ore positions 
on the upper surfaces of some of these wedges tends to preclude this possibility, since 
there is no indication of a major shear zone on the upper surface. Mapping in the 
1632 Incline supports this. Fig. 2.19 indicates relatively little deformation in 
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Fig. 2.19 Cross section along 1632 Incline through Deeps F Thrust, Kambalda 
Dome. Data projected into plane of cross section. 
Stereograrn of data from 1632 Incline. 
either the basalt or komatiite at the eastern contact, which represents the upper 
surface of one of these thrust wedges. In contrast the western contact in Fig. 2.19 
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represents a lower contact and displays much more deformation. Therefore it is 
thought that the basalt wedges were emplaced into the komatiite along a basal thrust 
which must continue some distance into the komatiite beyond the tip of the thrust 
wedge, although the displacement is dissipated rapidly by ductile deformation within 
the komatiite. 
In summary the stereonet (Fig. 2.19) shows that foliations for the basalt and 
ultrarnafic are, with some exceptions, oriented NW-SE with dip values in the range 
30*-50'. This is consistent with a compression orientated approximately NE-SW- 
Lineations have low plunge angles and a wide range of trends from N-S to E-W. 
Some of these suggest a component of strike slip displacement. 
The kinematics within the 1632 incline (Fig. 2.19) generally support an east-northeast 
transport direction for this thrust fault however it is also clear that displacement in 
other directions has occurred. This variation probably results from a combination of 
different deformation events being represented. In particular it is likely that the Deeps 
F thrust wedge was reactivated with a strike-slip sense during later transpressive 
deformation, possibly destroying much of the earlier fabric. 
2.7.2 1016 area 
Figures 2.20 and 2.21 respectively show a map and north-south cross section 
along the 1016/1 drive. This drive is mainly sub-parallel to the strike of the Loreto 
thrust (Fig. 2.17) and it is located near the tip of the thrust wedge; an offshoot of the 
drive projects through the Loreto thrust plane into the komatiite of the footwall (Fig. 
2.17). 
The most prominent feature in this area is a shear zone defined by deflections in the 
basalt fabric (Fig. 2.22). This shear zone dips south at 16% is approximately 50-60cm 
wide in the east wall of the drive and can be clearly followed across the roof of the 
west wall where it is 75cm wide. Deflection of an earlier north dipping basalt fabric 
by 1.8 to 2.0 metres in the plane of the wall indicates a normal displacement to the 
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south. On the comer of the east wall the basalt-komatiite contact is oriented 
003*/52*W. Quartz veining along the contact has step structures indicating 
displacement of the hangingwall (basalt) block northwards with respect to the 
komatiite footwall. 
The stereonet for 1016/1 (Fig. 2.21) allows a great circle to be drawn through the 
basalt and ultramafic foliations indicating they have a general dip towards the W- 
NW, with dip angles in the range of 30'-50". Lineations are contained within this 
plane and plunge to the NW with low to moderate angles. Together these indicate a 
component of displacement to the E-SE, in agreement with the shear zone described 
above. 
In summary whilst field data from mapping in the 1016/1 incline provides some 
support for an east/northeast displacement direction it is clear that a SE directed 
component is also present, and maybe more important. This does not fit into the 
models of the evolution of the Kambalda Dome (Archibald 1985, Swager & Griffin 
1990). It was not possible to obtain relative age relationships from this data therefore 
a displacement history for the 10 16 area could not be defined. 
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2.7.3 1932 Sub 
The 1932 sub is in the footwall adjacent to the Deeps F fault. Ore in this 
i region has been dragged into the fault zone forming a small open synform of several 
metres in width. The shear zone at this point has a variable subvertical dip and a trend 
of approximately 349*. Adjacent to the fault there is a two metre thick shear zone 
within the komatfite. Measured shear fabric within this zone has a strike and dip of 
286*/34"W. Massive quartz veins of less than one cm thickness are also seen within 
this zone oriented at 158"/53"SW. At the same locality reverse displacement of 7- 
8cm is indicated by displaced ore. This area was returned to after firing had removed 
a thickness of approximately 3-4 metres. The width of the shear zone had decreased 
to 60cm and it was oriented 034"/58'W. The shear fabric within the zone is variable 
in strike from 312*-343*. dip is also variable, 60' SW and 88T being recorded. 
Estimated displacement on the Deeps F fault at this point is 300m (Rod Ramsay pers. 
comm. ). 
2.7.4 Summary 
Mapping from these areas did not provide the definitive information hoped 
for. It appears from the gross geometry of these structures (Fig. 2.7) that the initial 
thrusting resulted from a compression which was primarily E-W oriented. However 
as discussed at the start of this section the work was intended to determine to what 
extent these wedges might be the result of strike-slip deformation. The mapping 
demonstrates that transport other than towards the west and northwest has occurred. 
However measurable displacements in these orientations are small (several metres) in 
comparison with the approximately 600 metres offset on the Deeps F thrust, and thus 
insignificant in terms of forming the wedge geometry as is presently seen. 
Furthermore it is not clear when this displacement occurred in relation to that which 
appears to be more east directed. Finally the geometry of the Kambalda Dome map 
(Fig. 2.6) does not indicate a dome structure which has been dissected by significant 
strike-slip displacement along N-S or NW-SE trending faults. 
The author does not believe that there is enough evidence to suggest that these 
wedges result entirely from strike-slip deformation, and therefore it is concluded that 
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they are primarily the result of east to northeast directed thrusting that occurred in the 
same deformation as the NW-SE trending folding that formed the main Kambalda 
Dome. The other features described above which do not fit this model are frequently 
insignificant in terms of the overall structure of the thrust wedges. They may have 
occurred as a result of out of plane displacements during the original thrusting, or 
reactivation of structures during subsequent deformation events. It is likely that 
strike-slip deformation occurred on the over-steepened thrust faults, perhaps as part 
of an overall transpressive regime as suggested by Swager & Griffin (1990). This 
might have caused some significant (hundreds of metres) strike-slip displacements on 
these structures however the author has no evidence to prove or disprove this. 
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2.8 Conclusions 
1. The Kambalda Dome is not the result of doming above an igneous pluton, 
there is no evidence of a coherent pluton coring the fold structure. 
2. The Gellatly antifonn of Archibald (1985) is a thrust wedge not a fold. There 
is no evidence of overturned beds indicating folding; or of strike-slip 
displacement along a N-S trending fault large enough to form the structure as 
a strike-slip wedge. Therefore there is no requirement for the D2 phase of the 
deformation sequence proposed by Archibald (1985). 
3. The Gellatly thrust wedge shows evidence of internal imbrication. It is 
therefore likely that the Kambalda Dome contains numerous small thrusts. 
Embayments in the basalt-komatfite contact shown on detailed maps of the 
Kambalda Dome may represent some of these structures. This does not mean 
there is no minor folding present. 
4. The Kambalda Dome might have formed entirely as a result of fault 
displacement, without the influence of buckle folding. Two models in which 
this could occur are firstly eastward transport on the Boulder-Lefroy Fault, 
and secondly northward transport on a blind thrust analogous to the Tramways 
Thrust. 
5. It is possible that the Boulder-Lefroy Fault is an early structure pre-dating the 
Kambalda Dome rather than being synchronous or post-dating it, as suggested 
by the models of Archibald (1985) and Swager & Griffin (1990). However at 
this stage of the thesis there is no evidence to prove or disprove this 
hypothesis. 
6. A large amount of shortening is required for the Foster, Tramways and 
Democrat-Republican structures to form as thin skin features as proposed by 
Swager & Griffin (1990). Field evidence from the Foster and Tramways 
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thrusts suggests that their displacement may be relatively small, hundreds 
rather than thousands of metres. This leads to the suggestion that they may be 
thick-skinned structures, which as a result of their geometry may be unable to 
develop the large displacements, potentially thousands of metres, that might 
be needed for a thin-skin mega-duplex model. 
7. Underground mapping in the vicinity of the Deeps F thrust wedge indicates a 
complex kinematic history involving a range of transport directions. Whilst 
there is evidence for strike-slip displacement it is not considered significant 
enough to warrant changing the model of eastward directed thrusting. 
Considering the available evidence it is therefore concluded that the Deeps F 
structure is the result of an east to northeast directed thrusting event. By 
analogy this is probably also true for the Loreto thrust, and those thrusts 
associated with the Fisher Trough. 
8. The strike-slip, displacements that have been recorded are considered to have 
occurred late in the deformation sequence; overprinting evidence of earlier 
deformation events. They are likely to have occurred on earlier thrust faults 
whose angle of dip was steepened during folding of the Kambalda Dome; into 
orientations that allowed them to be reactivated with a strike-slip sense. 
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3.1 Introduction 
The first part of this chapter describes the principal features common to most 
of the nickel sulphide ore troughs at Kambalda, and some of the variations of the 
typical Kambalda style deposit which are seen at other deposits in the Kambalda- 
Tramways corridor. The second part of this chapter briefly describes the geometry, 
formation and evolution of graben and fissure swarms in the Northern Volcanic Zone 
of Iceland, with particular reference to the Krafla Fissure Swarm. The Icelandic 
graben and fissure swarms provide an attractive analogue to the envisaged syn- 
volcanic landscape of the Kambalda region. The chapter concludes with a 
comparison and critical discussion of the two systems; and from this derives a new 
model explaining the formation of the nickel sulphide ore troughs at Kambalda. 
3.2 Kambalda Ore Troughs 
The nickel sulphide bearing trough structures were introduced in chapter two, 
but at this stage it is useful to reiterate and provide some more details of relevant 
features. 
Approximately 80% of nickel sulphide ore at Kambalda is located on the contact 
between the Lunnon Basalt and the overlying Kambalda Komatiite (Cowden & 
Roberts 1990) in the form of massive pyrite-pyrrhotite-pentlandite assemblages 
(Gresham & Loftus-Hills 1981). The syn-volcanic ore bodies form linear features 
sub-parallel to the regional NNW-SSE structural trend (Fig. 3.1). The majority of the 
ore in the Kambalda area is confined within distinctive structural troughs. These 
troughs have the form of embayments in the contact between the Lunnon Basalt and 
the Kambalda Komatiite (Fig. 3.2). The troughs have lengths up to several 
kilometres and widths of several hundred metres, depths are variable and generally 
range from a few metres to several tens of metres. Trough boundary structures are 
very variable and include fold-thrust pairs, steep reverse faults, and faults with an 
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apparent normal displacement. Fold-thrust pairs often enclose ore (Fig. 3-3) forming 
basalt pinchouts, structures which enclose a wedge shaped segment of ore. These 
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Fig. 3.1 Geology map of the Kambalda Dome showing plan projections 
of ore bodies and some of the main structures of the Dome. Note linearity 
of ore bodies with each other and the regional structural trend. 
After Gresham & Loftus-Hills (1981). 
pinchouts have been attributed to D2 deformation (Archibald 1985). Later 
deformation events have modified the trough structures to varying degrees, in some 
areas these affects are clear as ore bodies have been segmented and displaced by 
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faults. However in other instances, it is unclear how much of the present-day 
structure results from pre- or post-ore deformation events. 
sheet flow facies channel flow facies sheet flow 
PP- -"q 
hanging 
wall 
ore 
spinifex textured 
komatiite flow tops 
Silver Lake komatiite 
contact ore 
basalt-basalt pinchout, 
typical "fold-thrust" structure 
Fig. 3.2 Schematic diagram of a Kambalda ore trough illustrating some of 
the features described in the text. 
After Cowden & Roberts (1990). 
F-I Kambalda Komatiite 
Massive nickel- 
sulphide ore 
F-] Lunnon basalt 
basalt pinchout 
Footwall stringer, quartz 
ore contains carbonate layer parallel veins sulphide banding carbonate 01m vein 
Fig. 3.3 Cross section of ore trough from Kambalda showing a classic 
basalt pinchout and footwall stringers. Note also the apparent normal 
displacement Of some features. 
From Archibald (11985). 
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In most cases individual ore bodies are up to several hundred metres long, a few tens 
of metres wide and are generally less than 5m thick, though thicknesses up to 40M 
have been recorded (Cowden & Roberts 1990). In some cases the ore body occupies 
the entire trough, in other cases the structural troughs are more extensive than the ore 
bodies they enclose, (Marston & Kay 1980). With a few exceptions, resulting from 
post-volcanic deformation (Marston & Kay 1980), they trend NNW-SSE, sub- 
parallel to the regional structural trend, forming linear features continuous over 
lengths of several kilometres (Fig. 3.1). 
The linear geometry of the troughs, and their sub-parallelism with each other and the 
regional structural trend is striking (Fig. 3.1). Hence previous authors have argued 
for an original topographic control on the location and geometry of the ore bodies 
(Archibald et al. 1978, Groves 1982, Groves et al. 1984, Lesher et al. 1984, Gresham 
1986, Squire et al. 1998). The trough structures have been affected to varying 
degrees by later deformation events. Some models propose that they were formed 
entirely during these periods (Archibald 1985, Cowden 1988, Findlay 1998). 
Stone & Masterman (1998) detail some of the more recent deposits found in the 
Kainbalda-Tramways corridor. Stone & Masterman (1998) consider some of these to 
be atypical with respect to the typical Kambalda style deposit described above. For 
example the Helmut deposit (Fig. 3.4) located on the eastern Tramways anticline. 
This deposit occurs within an olivine orthocumulate, with the ore located three to 
seven metres above the basalt-komatiite contact. The host komatiite flow unit is up 
to 110m thick and 400m wide, possibly the largest channel flow unit in the 
Kambalda nickel district (Stone & Masterman 1998). The flow unit is overlain by 
sediments and passes laterally into highly brecciated flow units in the flanking facies. 
Ore is dense disseminated to matrix, rather than massive; and is found in pods along 
a linear trend rather than in continuous linear bodies. Northeast of Kambalda, the 
Blair deposit has nickel sulphide on a sedimentary substrate up to 15m thick and 
overlying a tholefitic basalt. This sedimentary sequence thickens into the lateral 
flanking environments. On the Kambalda Dome the Coronet and McCloy deposits 
occur on the basalt-komatiite contact in the footwall of the Loreto Thrust (Fig. 3.5). 
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Fig. 3.4 Cross section of the Helmut Ore body. An atypical Kambalda 
deposit due to thickness of komatiite and presence of sediment in the 
ore zone. Note ore is not on the basalt-komatiite contact but appears 
so at scale of this figure. 
After Stone & Masterman (1998). 
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Fig. 3.5 Cross section of the Coronet and McCloy ore deposits in the 
footwall of the Loreto Thrust, NW Kambalda Dome. Again note apparent 
normal structures adjacent to McCloy. 
After Stone & Masterman (1998). 
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There has been significant work on the fabrics occurring within individual ore-bodies 
and discussion on the extent to which fabrics in the nickel sulphide record the 
deformation history (Ostwald & Lusk 1978; Cowden & Archibald 1987). Cowden & 
Archibald (1987) conclude that fabrics in the massive sulphide ores represent the 
entire deformation history. Hence they use the centimetre-scale pyrrhotite-pentlandite 
layering and pyrite layers and lenses exhibited by most ore bodies as kinematic 
indicators. 
Ore bodies frequently have mineralised cracks of several tens of centimetres length 
extending into the basalt beneath them, perpendicular to the contact, these are known 
as footwall stringers (Fig. 3.3). Pyrrhotite-pentlandite layering within these is parallel 
to the stringer boundary and normal to the basalt-komatiite contact. Cowden & 
Archibald (1987) interpret the stringers as representing a minor phase of late D2 
extension, forming brittle fractures into which nickel sulphide ore was injected. The 
ore was interpreted to behave plastically as it was injected and the pyrrhotite- 
pentlandite layering that formed as a result of DI thrusting was deformed such that it 
became sub-parallel to the stringer boundary. Similarly, Cowden & Roberts (1990) 
attribute footwall stringers to brittle deformation associated with the transition 
between D3 doming and D4 sinistral strike slip displacements. 
3.3 Previous Models for Ore Trough Formation at 
Kambalda 
The origin of the structural troughs and the localisation of ore within them 
has been the subject of much debate. Numerous authors have argued, in a general 
sense, that ore body location was influenced by the pre-existing topography of the 
basalt surface (Ross & Hopkins 1975, Archibald et al. 1978, Marston & Kay 1980, 
Groves 1982, Groves et aL 1984, Lesher et al. 1984, Gresham 1986, Squires et al. 
1998) whilst fewer people have considered the possibility that the troughs had a 
structural origin (Ross & Hopkins 1975, Marston & Kay 1980, Groves 1982, 
Gresham 1986, Findlay 1998). To date no model has been developed that can 
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adequately explain all of the wide variety of features seen. Current models for 
generating a topography capable of channelling flow include pre-existing volcanic 
topography, localised fissure eruptions, thermal erosion and processes occurring 
within the volcanic flows. These models, and those for generating structural troughs 
after emplacement and formation of the ore deposits and their associated lava flows 
are described and discussed in the following sections. 
3.3.1 Pre-existing volcanic topography 
Lesher et al. (1984) draw analogies with recent lavas erupted from the south- 
west rift of Mauna Loa and Proterozoic komatfites from Gilmour Island, Canada. 
They conclude that the linearity of ore shoots, trough structures and channel flow 
facies komatfites indicates that lava emplacement at Kambalda, was controlled by: 
9 The location of unidentified eruptive sites and a local and/or regional north- 
south topographic gradient. 
* The local volcanic topography. 
Due to the lack of footwall feeders, pyroclastic breccia and ultrarnafic intrusives 
Lesher et al. (1984) consider Kambalda to be a distal volcanic environment. They 
suggest that channel flow facies komatiites represent linear lava conduits flanked by 
more slowly moving flows; and that the NNW-SSE trend of the ore shoots reflects 
the original dip of the basalt surface. Recent eruptions from the SW rift of Mauna 
Loa are given as an example of topographic control on lava flow in a volcanic 
landscape Lesher et al. (1984) envisage to be analogous to the conditions of 
formation of the Kambalda deposits (Fig. 3.6). Additionally Lesher et al. (1984) 
suggest that the linear lava conduits were centred on original topographic depressions 
in the basalt that formed between non-overlapping basalt flows known as kipukas 
(Fig. 3.7). The kipukas were possibly enlarged by thermal erosion, and modifled by 
subsequent deformation, Lesher et al. (1984). Kipukas have been recorded in the 
Proterozoic komatiites of Gilmour Island (Lesher et al. 1984). 
Lesher et al. (1984) consider that the alignment of orebodies, lithologic and 
structural trends in the region is evidence of a fundamental tectonic control; but point 
out that if the lavas flowed directly down slope the topographic strike of the 
Kambalda region would have been approximately east-west, as the palaeo-flow 
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directions is approximately north-south. This is highly oblique to the rift zone 
orientation as postulated by Groves et al. (1984). (Lesher et al. 1984) explain this 
anomaly as the result of differential subsidence caused by block faulting along the 
length of the rift. 
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Fig. 3.6 Sketch of lava flow paths on Mauna Loa, an example of 
topographic control on lava flow direction. 
From Lesher et al. (1984). 
Although there is clearly a topographic influence on the location and orientation of 
the Hawaiian lava flow (Fig. 3.6), it is flowing along the crest of a ridge which 
suggests that topography is not the most significant controlling factor. Furthen-nore, a 
series of eruptions will generate similar flows radiating from the point source. This 
model cannot explain the parallelism of ore bodies and the regional structural trend, 
or the regionally consistent trend of the ore bodies, which is seen both in the 
Kambalda area and at other nickel deposits in Western Australia (Barrett et al. 1977). 
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Fig. 3.7 Detailed sketch section of a kipuka, a trough formed between 
two non-overlappping basalt flows, note different basalt stratigraphy on 
either side of trough. 
From Lesher et al. (1984). 
If the troughs are kipukas it would follow that the lava flow at the base, and those on 
either side of the troughs, would be stratigraphically distinct units; this is not a 
documented feature of the Kambalda deposits. Furthermore it is unlikely that lava 
flows would develop parallel to each other for hundreds or thousands of metres, 
separated by only several hundred metres and never overlap. Hence kipukas, cannot 
be considered as providing a general explanation for the origin of these trough 
structures. 
3.3.2 Localised fissure eruptions 
Ross & Hopkins (1975) and Marston & Kay (1980) present similar models 
based respectively on work in the Lunnon and Juan Shoots of the Kambalda Dome. 
Ross & Hopkins (1975) conclude that "subsidence and dislocation along fissures 
sub-paralleling the margins of the Lunnon Shoot, is thought to have accompanied 
emplacement of the basal portions of the sequence. These fissures could represent 
the loci of volcanic activity". 
87 
Chapter Three 
Marston & Kay (1980) reconstructed the post-ore deformation of a portion of the 
northwestern flank of the Kambalda Dome. This defined two groups of ore with 
contrasting nickel tenor, separated by a "horst-like structure" which they interpret as 
representing an original topographic high. They conclude that the belts correspond to 
"original sea-floor depressions, probably tectonically controlled" and that "separate 
sulphidic komatfitic magmas were extruded into each". 
The principal problems that have faced both hypotheses are the total absence of 
feeder dykes for the proposed local fissure eruptions (Gresham & Loftus-Hills 198 1); 
and a lack of recognised early norinal structures. 
3.3.3 Thermal erosion 
From theoretical and experimental work Huppert et aL (1984) propose a 
model in which high temperature (1,400-1,700"C) low viscosity (0-1-10 Pas) 
komatiite lavas are erupted subaqueously onto a basalt substrate with a melting point 
of approximately 1,250 'C. Due to the low viscosity of the lava, flow within it was 
turbulent, allowing it to maintain an even temperature throughout, and conduct more 
heat into the surrounding rocks than a laminar flow. The upper surface was chilled 
on contact with sea water and may have formed an insulating crust several 
centimetres thick beneath which turbulent flow continued (Huppert et aL 1984). This 
high temperature flow was able to melt and assimilate the basalt substrate, thermally 
eroding it and forming the trough structures whose structurally modified versions are 
seen today (Fig. 3.8). 
Huppert & Sparks (1985) report the results of analogue experiments simulating 
thermal erosion using water at 65*C to represent komatiite lava and polyethylene 
glycol with a melting point of 3740*C acting as the substrate. Their experiments 
involved releasing water through a slot designed as a point source across a slab of 
polyethylene glycol with a 2* slope. At low flow rates sinuous channels were 
generated and preserved throughout the lifetime of the experiment (Fig. 3.9 a). 
However as flow rate increased sinuosity decreased (Fig. 3.9 b). In cross section (Fig. 
3.9 c) undercut channel walls are seen as a result of flow not filling the entire depth 
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of the eroded channel (Huppert & Sparks 1985). This bears a striking similarity to 
some of the cross sections of trough structures from Kambalda. However this model 
flow parallel section flow normal 
section 
A 
B 
F7 Thermally eroding komatiite 
F-I Basalt substrate 
Fig. 3.8 Schematic trough evolution through thermal erosion of basalt 
substrate by komatiite erupting from fissure. 
From Huppert et aL (1984). 
is generally discounted as the prmcipal mechanism of trough formation for a variety 
of reasons: 
I. If the troughs were erosive features there should be some evidence for 
erosion, such as unconfon-nable contacts between basalt and komatiite. However the 
bases of most troughs at Kambalda show no signs of erosion (Lesher et al. 1984). 
2. It is unlikely that thermal erosion would produce a series of linear, parallel 
channels several kilometres in length. Flows are more likely to be sinuous as is seen 
in the analogue experiments of Huppert & Sparks (1985). Even the least sinuous 
channels resulting from their models are not linear. Similar channel geometries have 
not been identified at Kambalda. It is also worth noting that the experiment used a 
point source with a width the same order of magnitude as the resultant channel 
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structures. This automatically favours the development of a channel in a way in 
which extensive sheet flow eruptions of the type seen at Kambalda, do not. 
3. Work on the MgO content of a range of komatiite lavas (Nisbet et aL 1993) 
suggests a highest known eruption temperature of 1580"C, closer to the melting point 
of the basalt substrate than the 1400-1700'C used by Huppert et al. (1984); hence 
reducing their ability to cause ground melting and form channels. Lambert et aL 
(1998) report that Rhenium-Osmium (Re-0s) and Neodymium (Nd) isotope and 
trace element data from the Kambalda Komatiite Formation indicate that the 
komatiite lavas were not significantly contaminated by crustal material during 
eruption or turbulent flow at the surface. This implies that ground melting was not 
significant. 
4. Finally it can be argued that the experiments were inaccurate as the relative 
difference between the temperature of the water and the melting point of the model 
substrate is significantly greater than the difference between the proposed 
temperature of the komatiite and the melting point of basalt. Therefore thermal 
erosion is more likely to occur in the model. 
However as Lesher et aL (1984) point out rejecting this model as the principal 
method of trough formation does not preclude the possibility that a limited amount of 
thermal erosion could have occurred and modified any initial topography that was 
present prior to the eruption, or that developed syn-volcanically. This is particularly 
true for nickel sulphide deposits where ore is found in trough structures. Thermal 
erosion may occur in other situations though, for example the Perseverance deposit, 
also in the Eastern Goldfields Province, has a felsic substrate to the komatiite. The 
lower melting point of these felsic lithologies in comparison with that of basalts 
would aid the development of channels by thermal erosion. It is interesting to note 
that modem day lava flows are observed to cause erosion (Rossi 1997). 
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30 cm 
A- Initial stages of flow 
in which channel has 
yet to develop properly 
and flow is highly 
sinuous. 
B- View of well 
developed 
channel, flow is less 
sinuous but meanders 
have been preserved. 
C- Cross section 
through a well 
developed channel 
showing undercut 
sides and a central 
high resulting from 
greater erosion at the 
channeledges. 
Fig. 3.9 Results of an analogue model designed to test the thermal 
erosion hypothesis. 
From Huppert & Sparks (1985). 
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3.3.4 Volcanic flow regime 
Komatiites may exhibit a wide variety of textures resulting predominantly 
from the different habits of olivine crystals (Hill 1997). The origin of these different 
habits is a result of the cooling history and environment of formation of the 
komatfite, (Table 3.1). 
Interpreted 
Texture Cooling History Other Factors Environment 
Spinifex high degrees of Komatiite flow tops 
/dendritic directional 
supercooling 
partially drained lava 
orthocumulate relatively high higher rates of new channel 
degree of crystal nucleation lava flow encroaching 
supercooling relative to growth of over solid substrate 
existing crystals laminar, rather than 
turbulent flow 
gravity settling in 
ponded (stagnant) 
flows 
transition between 
mesocumulate transitional between turbulent channel flow 
cumulate and and laminar sheet 
adcumulate flow 
removal of nutrient vigorous turbulent 
adcumulate relatively low depleted boundary flow to remove crystal 
degree of layer around crystals boundary layer, lava 
supercooling favours existing temperature slightly 
crystal growth over below liquidus 
development of new 
crystals 
Table 3.1 Compiled from Hill et aL 1995 & Hill 1997 
Detailed mapping of Western Australian komatiites, combined with an 
understanding of how the crystal habits develop, has enabled development of a large 
scale (tens to hundreds of kilometres) komatfite flow facies model. Hill et aL (1995) 
and Hill (1997) describe a series of five gradational facies types and relate them to a 
general classification of nickel sulphide ore deposits in Western Australia. Fig 3.10 is 
a schematic illustration of this model showing the proposed relationship between 
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some of the different flow facies defined. Of principal interest in this discussion are 
those facies types of which the Kambalda Komatiite is considered a good example. 
The model of Hill et al. (1995) is not specifically designed to address the issues of 
the Kambalda ore troughs hence it is described here in two sections, firstly in a 
general sense and secondly in more detail as it has been applied to Kambalda. 
3.3.4.1 Geometry of large scale komatfite flow fields 
Hill et al. (1995) classify the ore-bearing Silver Lake Member of the 
Kambalda Komatiite Formation as a thick cumulate flow unit, interpreted as the 
result of a channelled lava flow within a laminar sheet flow. Hill (1997) describes the 
same member as the first subdivision of a Compound Flow Facies, comprising 
episodic sheet flows with preferred lava pathways flanked by regional compound 
flow lobes. 
The upper Tripod Hill Member is classified as a thin differentiated flow unit by Hill 
et al. (1995), and as the second subdivision of the Compound Flow Facies by Hill 
(1997). Hill et al. (1995) describe flow units typically 50cm to 10m thick and tens to 
hundreds of metres wide. They suggest these individual flow units probably 
developed by budding off one another in a similar way to lava pillows, probably 
forming a complex system of lava tubes, although no apparent internal pathways 
have been identified (Hill 1997). 
Fig. 3.10 shows a schematic representation of a portion of a large komatiite flow 
field, this is a generalised model relating the previously described flow facies. Hill et 
aL (1995) envisage this to be a compound flow, the result of a single sustained 
episode of eruption, but which was comprised of numerous individual flow units. 
Hill et aL (1995) point out that the system is scale-invariant. Hence the geometry of 
regional scale central adcumulate channels several kilometres wide flanked by 
marginal orthocumulate sheet flows is the same as the smaller scale composite 
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mesocumulate-orthocumulate channel flow facies at Kainbalda, flanked by 
sequences of spinifex textured flows. 
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Fig. 3.10 Sketch map and sections illustrating the principal features of 
a regional komatiite flow field; showing where Kambalda style channel 
flow facies komatiites might be expected. 
From Hill et aL (1995). 
The model is subject to a number of variables which control the relative distribution 
of the different facies types. These include volume, rate and continuity of eruption 
and the nature of the lava substrate. Dominant among these variables is the rate of 
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eruption. At very high eruption rates sheet flow and channel flow facies are likely to 
be dominant. At lower eruption rates, the continuous flow regime becomes relatively 
less extensive, and episodic channel flow occurs closer to the eruption site (Hill et aL 
1995). 
A feature of this model is that as the rate of eruption falls distal facies types become 
dominant progressively closer to the site of eruption. Hence dunite bodies formed 
during the onset of volcanic activity are overlain first by layered, mixed 
orthocumulates formed by in-situ fractionation of ponded lava, then by lava-plain 
sequences of thin differentiated flow units; a stratigraphic relationship consistently 
seen in the Norseman-Wiluna Belt (Hill et al. 1995). 
3.3.4.2 Application of komatiite flow field model to Kambalda 
The Hill et aL (1995) model has been developed by Lesher & Arndt (1995) 
who apply it specifically to Kambalda (Fig. 3.11). They describe the Silver Lake and 
Tripod Hill Komatiites in terms of a regressive lava sequence, reflecting decreasing 
flow rates and increasing magma viscosities. Komatiite contamination by either 
granitic, sedimentary or basaltic material varies with location and time within 
individual flow units. Lesher & Arndt (1995) use this as a basis to locate Kambalda 
within a large scale komatiite flow field (Fig. 3.11, stage 4). They record that the 
channel flow facies of the Silver Lake Komatiite contains some of the least 
contaminated lavas. This is contrary to what would be expected if the lavas had 
thermally eroded a significant amount of the Lunnon Basalt substrate. In contrast, 
and again contrary to expectations, the adjacent sheet-flow facies, which overlie 
uneroded Lunnon Basalt and interflow sediments contain some highly contaminated 
komatiites. Lesher & Arndt (1995) suggest that contaminants in the sheet flow facies 
must be derived from an earlier stage of turbulent flow and thermal erosion occurring 
in a sheet flow regime upstream from Kambalda. With increasing distance and time 
this sheet flow evolved such that in the Kambalda region it was represented by a 
turbulently flowing channel flow facies flanked by a laminarly flowing sheet flow 
facies. This sheet flow facies crystallised relatively early, preserving the 
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Fig. 3.11 Schematic diagram indicating proposed emplacement of the 
Kambalda komatiites as regressive units within a regional komatiite flow 
field experiencing decreasing flow rates. 
From Lesher & Arndt (1995) 
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Fig. 3.12 Features of turbulent and laminar flow within komatiite lava 
used to explain the lack of crustal contamination in channel flow facies 
komatiites at Kambalda. 
From Lesher & Arndt (1995) 
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contaminants, whereas the channel flow facies was replenished later by more 
primitive magmas and crystallised later when eruption rates had declined (Fig. 3.12). 
Lesher & Arndt (1995) also discuss the wider volcanic evolution of the region. The 
Lunnon Basalts and their inferred stratigraphic equivalents in the Norseman-Wiluna 
Belt represent a thickness of about 81an over a distance of approximately 5001an 
(Hallberg 1986, Campbell & Hill 1988); representing a volume of 1.5 million km3 or 
more in the Norseman-Wiluna Belt. Lesher & Arndt (1995) assume that this volume 
was erupted through continental crust. The Lunnon Basalts are not significantly 
contaminated, indicating that they were not hot enough, did not flow slowly or 
turbulently enough and/or did not erupt through fissures wide enough to thermally 
erode crustal rocks during ascent. In order to maintain their relative uniformity over 
such distances Lesher & Arndt (1995) conclude that they must have erupted from 
numerous, as yet unidentified, volcanic centres, either volcanoes or fissures. 
The Silver Lake Komatiite represents a series of episodic channel and sheet flows; 
these flows are separated by 1-2 metre thick interflow sediment horizons. Lesher & 
Arndt (1995) note that in modem basaltic systems sheet flows form at high eruption 
rates and channel flows at low eruption rates. A significant control on the transition 
between these two flow regimes is the viscosity of the lava. High viscosity promotes 
channel flow facies whereas a low viscosity favours sheet flow facies. Low viscosity 
komatiites probably erupted as sheet flows, becoming channelled as the rate of 
eruption decreased. 
Lesher & Arndt (1995) suggest that in the early stages of eruption lavas near a fissure 
shaped vent were probably erupted as turbulent sheet flows. They would be able to 
thermally erode wall rock and substrate during their ascent and flow away from the 
vent. As distance from the vent increased, lava temperature fell and viscosity 
increased; promoting channelling of lava flow. Initially channel flows would have 
formed in existing topographic depressions. Lesher (1989) and Williams el al. (1993) 
interpret these original features to be Kipukas, depressions formed between non- 
overlapping basalt flows (section 3.3 a). These original topographic depressions were 
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deepened and modified by thermal erosion, which would have been most effective 
close to the erupting fissure (Huppert et al. 1984, Huppert & Sparks 1985). 
Thus the duration of the eruptive event influenced whether the flows were preserved 
as sheet flows (short duration event) or as channel flows (long duration event). The 
flow front continued to advance as a laminarly flowing sheet, fed by turbulently 
flowing lavas in channels within the sheet. Lesher & Arndt (1995) postulate that if 
the eruptive vent was a fissure, lava flow channelling may have occurred within the 
erupting fissure (Bruce & Huppert 1989) causing eruption from isolated centres 
along its length (Fig. 3.11 -stage 2). This would aid development of channel flow 
facies in the lava fleld. Subsequent eruptions would be likely to reuse these same 
centres, Lesher & Arndt (1995) suggest that this may explain the superposition of 
different ages of Silver Lake channel flow facies komatiites; they also suggest that 
partial or complete drainage and refilling of lava tubes could account for this. 
However there is no evidence that lava tubes occurred at Kambalda (Lesher & Arndt 
1995). 
Whilst this type of volcanogenic model provides a detailed explanation of the 
evolution of a large scale lava flow field, it makes no consideration of the structural 
aspects either at the time of emplacement of the field, or at the present day. Therefore 
it is unable to account for the parallelism between the ore troughs and the regional 
structures. It is also significant that the development of channelled flow in these 
volcanogenic models relies primarily upon volcanogenic processes within the lava 
field. 
3.3.5 Post-ore deformation models 
It appears to be generally accepted that some form of trough structure was 
present during the formation of the ore bodies. However there is still considerable 
debate regarding the affects of later deformation events. It is probable that some ore 
pods were originally relatively unconfined; in such cases later deformation may be 
primarily responsible for confining structures present around the immediate margins 
of the ore body. 
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Some models of post-ore deformation (Archibald 1985, Cowden 1988) rely on the 
presence of the nickel sulphide ore bodies to localise deformation as a result of 
competence contrasts between the ore and the basalt and komatiite enveloping it. If 
this was the only mechanism of forming the ore troughs, there should be no structural 
troughs more extensive than the ore bodies they enclose, since trough boundary 
formation has to be localised at the contact between ore and country rock. Secondly, 
it would be reasonable to assume that all the ore bodies would have similar bounding 
structures, as they form by the same process. Neither of these conditions are true at 
Kambalda. It is therefore necessary to invoke a range of deformation histories for 
different ore shoots to account for their different geometries; resulting in complex 
and confusing deformation histories. 
The Cowden & Roberts (1990) model for post-ore formation of the structural 
troughs relies on the later deformation phases to generate fault structures which 
enclose the pre-existing ore body. Cowden (1988) suggests that the Lunnon trough is 
the result of strike-slip fault movement along a dipping surface, causing an apparent 
normal displacement. Strike-slip displacements occur in the D3-D4 stages of the 
deformation (Gresham & Loftus-Hills 1981, Swager & Griffin 1990). Some authors 
consider that the regional Boulder-Lefroy Fault system immediately east of the 
Kambalda Dome also developed during this deformation (Fig. 3.13, Swager & 
Griffin (1990)). It is very unlikely that the observed strike-slip faults would 
coincidentally form sub-parallel to, and enclosing, both a significant quantity of 
nickel sulphide mineralisation and the overlying channel facies komatiite across the 
entire Kambalda-Tramways region. Furthermore if the faults bounding the Lunnon 
trough were formed as late stage strike-slip structures they would be expected to be 
sub-vertical. Since, according to this model, the Karnbalda Dome had formed by that 
time the basalt-komatiite contact would have been steeply east dipping; therefore 
sub-vertical faults would have a low cut-off angle with the Lunnon Basalt-Kambalda 
Komatiite contact. However, cross sections through the Lunnon trough (Fig. 3.14) 
consistently show its western bounding fault to have a high cut-off angle with the 
lithological contact, consistent with it being an early normal structure. The eastern 
bounding faults have a much smaller cut-off angle, consistent with them being late 
stage features formed during D2 east-west shortening or in association with the 
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Boulder-Lefroy Fault. Furthermore, if the Lunnon trough is a late structure it might 
be expected that there are other significant trough structures without mineralisation 
and associated channel facies komatiites. Such structures have not been documented 
at Kambalda despite over twenty years of extensive exploration drilling on the 
Karnbalda Dome. 
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Granitoids 
Undivided granite-greenstone 
Merougil beds - fluviatile metasediments 
Unconformity 
Felsic volcanic, volcaniclastic 
and meta-sedimentary rocks 
Mafic and ultramafic volcanic 
and intrusive rocks 
- D3 Shear Zones 
----- D2-D3 Faults 
V-V D1 Thrust Faults 
V- --V DI Thrust faults, inferred 
F3foldS 
F2Uprightfolds 
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N 
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Kambalda Kambalda Dome 
B Boulder-Lefroy Fault 
Foster Thrust 
\ Tramways 
Thrust-Fold 
Democrat- Rep u bl ican 
Thrust-Fold \ 1ý 
Fig. 3.13 Map showing main structural aspesct of the Kambalda Tramways 
Corridor. 
From Swager & Griffin (1990). 
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West 
surface East 
Pre/syn-ore 
normal fault Kambalda Komatiite 
Post-ore 
NiS ore thrust faulting 
Lunnon 
basalt 
200 m 
Fig. 3.14 Cross section through the Lunnon Trough showing different 
fault styles on either side. The western fault has a high bedding cut-off 
angle in comparison with the eastern structures indicating it may be a 
early normal structure . After Ross & Hopkins (1975) 
3.4 Summary 
A range of models (Table 3.2) have been derived to account for the structures 
and lithologies seen both on the local Kambalda scale and on the regional Eastern 
Goldfields Province scale. While none of them are able to provide a definitive 
answer they all provide satisfactory methods for generating at least some of the 
features seen in the rocks. Although they have been described as individual models 
here there are regions of overlap between most of them. For example the flow field 
models of Hill et al. (1995) and Hill (1997) would be significantly influenced by 
thermal erosion and pre-existing basalt topography, in return they are able to provide 
an explanation for the inter-relationship of the various lithologies on the scale of the 
Eastern Goldfields province. 
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Mechanism of Principal model 
Model trough requirements References 
gen ration 
Thermal erosion Significant temperature 
Thermal of substrate by difference between komatiitic Huppert et al. 
Erosion komatiitic lavas lavas and substrate. (1984) 
Ability of lavas to flow long Huppert & 
distances and retain Sparks (1985) 
temperature. 
channelled 
Komatiite turbulent flow Channelling of flow. Hill et al 
Flow Facies within laminar thermal erosion/pre-existing (1995) 
sheet flow topography to aid flow Hill (1997) 
resulting from processes. 
fluid dynamic and 
volcanogenic, 
processes within 
lava flow fields 
syn-volcanic 
Localised normal Local lava source (fissure). Ross & 
Eruption into displacement syn-volcanic normal Hopkins 
depression along erupting displacement along fissure. (1975) 
fissures causing Marston & 
ponding of lava in Kay(1980) 
local depressions 
Kipukas-troughs Edges of adjacent separate 
Basalt formed between basalt flows to remain sub- Lesher et al. 
topographyý- adjacent non- parallel for 100's-1,000's of (1984) 
kipuka. overlapping basalt metres. 
flows 
Post-volcanic reverse and strike- Archibald 
structures slip displacement Later structures to enclose ore (1985) 
on post-volcanic bodies. Cowden 
faults (1988) 
Table 3.2 Summary of current trough formation models. 
It is likely that in reality all of these processes were operating and interacting to 
varying degrees in different places and at different times; and therefore portions of 
all of them have a role to play in explaining the evolution of the Eastern Goldfields 
province and, in more detail, its constituent regions. 
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However from the description of the Kambalda, system and the discussion of current 
hypotheses it is clear that several criteria need to be accounted for by any model 
attempting to explain the formation of the troughs and the location of the ore 
deposits within them. These criteria include: 
1) The pronounced linearity of the structural troughs over a total distance of up 
to I Okm. 
2) The sub-parallel aligmnent of the troughs with each other and the regional 
tectonic trend. 
3) The variety of trough bounding structures. 
4) The variations in geometry and mineralisation style of the different deposits 
on the Kambalda Dome and in the surrounding region, from those 
characterised. by linear ore bodies up to a kilometre long, to those 
characterised by elliptical pods of mineralisation. several hundred metres 
long. 
5) The superposition of channel facies komatiites and structural troughs. 
6) Additionally the model has to fit within a feasible geological history at both 
the local and regional scale. 
None of the current hypotheses, either those advocating pre-ore trough structures 
(Archibald et al. 1978, Groves 1982, Groves el al. 1984, Lesher et al. 1984, Gresham 
1986), or those relating them to post-ore deformation events (Archibald 1985, 
Cowden 1988, Findlay 1998) adequately explain the diversity of features seen at 
Kambalda. For example although Ross & Hopkins (1975) mention syn-volcanic 
normal structures they do not consider them of primary importance to the formation 
of the ore body, rather that normal displacement might occur along a fissure as it 
erupts. Marston & Kay (1980) do not explicitly state that syn-volcanic normal 
faulting formed the trough and horst-like structure they describe; both models require 
a local eruptive source and neither are applied to other areas of Kambalda or similar 
nickel sulphide deposits. 
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3.5 The Krafla Fissure Swarm: A Modern Kambalda 
Analogue 
Iceland formed from hotspot volcanism at the slow spreading Mid-Atlantic 
Ridge (Vine & Matthews 1963, Schilling 1973). The Northern Volcanic Zone (NVZ) 
of the island is an onshore segment of the Mid-Atlantic Ridge (Fig. 3.15 a). The 
NVZ is approximately 200kin long and 60krn wide. It comprises five en 6chelon 
fissure swarins, graben structures 60-100krn long and 5-20kin wide (Fig. 3.15 b; 
Arnott & Foulger 1994a). Each of these contains a central volcano of 20-40km 
diameter (Brandsd6ttir et al. 1997). A central fracture and fissure swarm bisects each 
volcano and marks the axis of the graben in which the volcano is located (Figs. 
3.16a, b; Angelier et al. 1997). The central volcano of each swarm is the source of 
the majority of the volcanic material of that swarm, however, local fissure eruptions 
and spatter cones have been recorded (Rubin 1992). 
Krafla Fissure swarm 
Central volcanoes 
Fig. 3.15 Location map of Iceland showing the onshore extension of the 
mid-Atlantic ridge, the location of the Northern Volcanic Zone and within 
this the fissure swarms and their associated volcanoes of which the 
Krafla Fissure Swarm is one. 
From Angelier et al. (11997) 
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A B A%k. T. W"- 1-4 
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Mofell 
area B 
N 
Krafla snow 
Calder a 0 
fracture lines and 
recent lava flow 
Namafjall 
Mountain recent lava flow 
500m, 
0 10 km 
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Fractures with ticks on 
downthrown side 
Recent (1724-1729 & 1975-1984) 
lava flows 
Pleistocene and Holocene volcanics 
Fig. 3.16 a) Map of the Krafla Fissure Swarm showing general form of 
fractures and the way in which these have controlled the distribution of 
the recent lava flows. From Angelier et al. (1997) 
b) Aerial photograph of the Mofell area of the Krafla Fissure Swarm. 
From Angelier et al. (1997) 
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The Krafla Fissure Swarm, one of these five zones, is 4-10kni wide and 801an long 
(Opheim & Gudmundsson 1989), the faults and open fissures trend NNE-SSW, sub- 
parallel to its boundary (Fig. 3.16; Amott & Foulger 1994b). Between 1975 and 1989 
the Krafla Fissure Swami underwent a period of rifting and volcanism which 
included 21 rifting events and 9 volcanic events (Opheim & Gudmundsson 1989). Of 
approximately 35 Holocene mostly basaltic eruptions, the majority have occurred in 
the Krafla caldera or the NirnafJall mountain south of the caldera (Fig. 3.16a), 
indicating that the majority of volcanism is from local sources rather than large-scale 
fissure eruptions (Bj6msson et al. 1977). 
3.5.1 Principal features of the Krafla Fissure Swarm 
The structural elements of the Krafla Fissure Swarm are characterised by 
normal faults that frequently form nested graben, and tension fractures forming open 
fissures (Angelier et al. 1997). Tension fractures are seen in association with faults 
and graben, and also as isolated structures. Opheim & Gudmundsson (1989) record 
an average tension fracture length of 350m with strike directions varying between 
003*-018*. Most of these fractures are straight or weakly curved, although some 
larger fractures are more strongly curved. Many are seen to have en 6chelon 
segments (Fig. 3.17), particularly in the case of curved main fractures. An 
arrangement of parallel offset fractures is seen at the termination of some large 
fractures. Normal fault scarps are vertical and lack evidence of strike-slip 
displacement, implying that they opened in a purely tensional regime (Opheim, & 
Gudmundsson 1989). The largest normal fault measured by Opheirn & 
Gudmundsson (1989) is 3.51an long, has a throw of 42m and a width of 28m. This 
fault defines the western rim of a 2-31an wide central graben. The eastern rim is 
defined by irregular fault scarps of 15-25m height. This major graben contains other 
normal faults which defte further graben, frequently nested, of 30-200m width 
(Opheim & Gudmundsson 1989). At the surface these faults are often represented by 
an open fissure (Angelier et al. 1997), becoming normal faults sensu stricto at depths 
of several hundred metres below the surface (Opheirn & Gudmundsson 1989). In 
detail the fault scarps represent smaller graben structures usually 10-20m wide which 
may include tilted fault blocks of 1-10m width, separated by open fissures, and with 
scarps between 2.5-7.5m high (Figs. 3.18,3.19; Angelier et al. 1997). 
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As rifting and volcanism are contemporaneous new lava flows cover pre-existing 
fractures and fissures. These structures may be affected by the development of new 
fractures or the reactivation of existing buried structures. The recent (Holocene) 
Krafla event included more rifting events than volcanic events (Opheim & 
Gudmundsson 1989). Hence it is likely that lava flows experienced several distinct 
episodes of syn-volcanic deformation. This can lead to the development of a 
complex series of structures. 
%__. 4-_. -, 
. 41 
Vol 
Fig. 3.17 Aerial photograph of en echelon graben-like fractures comprising 
part of the 11 km long Hrafnagja normal fault. This fault is in the Thingvellir 
Fissure Swarm, one of the five that comprise Iceland's Northern Volcanic 
Zone. Fracture offset is about 40m; fracture width is 60m to the left of 
the road and 36m to the right. 
From Gudmundsson (1987). 
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3.6 Discussion 
Whilst there are differences between Kambalda and Krafla they relate to their 
post-formation history. Kambalda has experienced several phases of 
compressive/transpressive deformation and accompanying metamorphism, while the 
extensional structures of Krafla are in a pristine condition. A comparison of the 
surface topography of the Krafla Fissure Swarm and the Lunnon Basalt-Kambalda 
Komatiite interface is both a worthwhile and enlightening exercise (Fig. 3.20). There 
is a obvious similarity between the Krafla Fissure swarm structures and the 
Karnbalda trough structures in terms of their scale, geometry, and lithology, (Table 
3.3). The Icelandic structures may therefore represent a pristine version of the 
Lunnon Basalt prior to eruption of the Kainbalda Komatiite, and hence provide a 
detailed insight into controls on the location of nickel sulphide deposits. 
Feature Krafla Kambalda 
age Holocene (0.01 Ma) Late Archaean (2700 Ma) 
trough1graben length up to 3 1cm Ian's - 10 Ian 
troughlgraben width 10 - 100's m 10 - 100's M 
trough1graben depth I- 10'sm I m- loom 
lithologiesformed in basalt basalt 
tectonic setting active extension and unclear, probably involving regional 
mantle plume extension, possibly in the presence of a 
plume (see text for references) 
geographic associated with the best developed adjacent to the Boulder- 
distribution Krafla central Lefroy Fault, become rarer as volcanics thin 
volcano westward 
Archibald (1985) Swager & Griffin 
(1990) 
D1 N-S thrusting 
D2 WSW-ENE 
subsequent history thrusting DIN directed 
none D3 Open upright thrusting 
folding. Oblique D2-D3 transpressive 
normal faulting folding and strike- 
(Cowden & Roberts slip faulting 
1990) 
D4 NNW & NNE 
1 strike-slip faulting I 
Table 3.3 Comparison of Kambalda Trough Structures and grAben from Kratia 
Fissure Swarm. 
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1000 m 
100 m 
10 m1m 
Fig. 3.18 Typical styles of surface deformation in the Krafla Fissure 
Swarm. 
From Angelier et al. (1997) 
The recent graben structures reported from Iceland (Angelier et al. 1997) have 
dimensions which are directly comparable to the dimensions of the Karnbalda trough 
structures. They are seen to be linear parallel features developed over distances of 
tens of kilometres in a lithology very similar to that of the Karnbalda troughs. The 
tectonic setting of the Icelandic graben is well known in comparison to that of the 
Kambalda region when the troughs were formed. The tectonic evolution of the 
Eastern Goldfields is less clear, the regional implications of this new model for the 
trough structures are discussed ftirther in chapter six. 
Direct comparison of Krafla and Kambalda is hindered by the significant 
compressive deformation phases which affected Kambalda after deposition of the 
lavas and nickel sulphides. However evidence for this early extensional phase, that 
generated the griiben topography, is readily available. Both published and 
unpublished work contains references to features which are either described as early 
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Fig. 3.19 a) View 
along a graben-like 
structure 10-20m wide 
along a major fault 
scarp in the Krafla 
Fissure Swarm. 
Compare with Fig. 
3.18c. 
From Angelier et al. 
(1997). 
Fig. 3.19 b) View of a minor open 
fissure 0.5-1m wide from the Mofell 
area of the Krafla Fissure Swarm. 
From Angelier et al. (1997). 
Fig. 3.19 c) Water filled 
tension fracture from 
the Thingvellir Fissure 
Swarm. Foreground 
width is about 10m. 
From Gudmundsson 
(1987). 
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Fig. 3.20 Comparison between the Krafla Fissure Swarm (A) and the 
Lunnon trough structure at Kambalda (B). 
A) From Angelier et al. (1997); B) From Cowden & Roberts (1990). 
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structures, or can be reinterpreted as such (Compton 1968, Ross & Hopkins 1975, 
Hayden 1976, Barrett et al. 1977, Marston & Kay 1980, Gresham & Loftus-Hills 
1981, Archibald 1985, Gresham 1986, Cowden & Archibald 1987, Thomson 1989, 
Cowden & Roberts 1990, Stone & Masterman 1998). Some examples of these are 
described and discussed in section 3.8. 
3.7 Nickel Sulphide ore troughs as early graliben 
Brown et al. (1999a, b; enclosures) present a new model for the formation of 
the structural troughs and the resultant localisation of ore, based on the premise that 
the gritben and fissure structures of the Krafla fissure swarm are representative of the 
topography of the Lunnon Basalt surface immediately prior to Kambalda Komatiite 
eruption and emplacement of nickel sulphide ore. 
This model suggests that the landscape at Kanibalda immediately prior to komatiite 
eruption consisted of a sub-horizontal basalt surface dissected by one or more linear 
zones delineating grdben of 5-71an width. These graben contained numerous smaller 
griiben, probably nested, fault-bounded blocks, horsts, normal faults and dry (i. e. 
non-erupting) fissures. Fissures are seen both as individual structures and as the 
upper portions of some of the normal faults. These fissures are the result of tectonic 
processes and not generally the source of any eruptions. However they may be 
eruptive under different conditions; hence dykes may be associated with other nickel 
sulphide deposits, for example Scotia, also in the Eastern Goldfields (Page & 
Schmulian 1981). 
Numerous studies of normal fault geometries (e. g. Peacock & Sanderson 1991, 
Cartwright et al. 1996) show that extensional structures such as normal faults and 
fissures may be related in a number of different ways. The work of Angelier et al. 
(1997) clearly shows this variety present at Krafla; despite the fact that the faults and 
fissures within the central part of the graben are sub-parallel to each other and the 
main graben boundary. Single fault strands may converge along either strike or dip 
into a structure with larger displacement, they may be linked by brittle or ductile 
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transfer zones, forining lateral ramps which may later become breached, they may tip 
out in curved zones producing crescent shaped faults in plan view and an ovoid basin 
in the hangingwall (Fig. 3.21). Structures may form as en 6chelon arrays, or in 
isolation. The processes of initiation and development of extensional structures, and 
the interactions between adjacent structures can generate a surface topography which 
may be simple or very complicated. Thus a simple extensional regime can lead to a 
wide variety of topographic variation. 
Planar sub-horizontal 
basalt surface 
disrupted by one or 
more graben. 
lo- ýo 
40 ý01 
lo 
206 - 500 m 
Open T with fissure 
open f issu re 
at surface 1-10M 
S. 
.5 
.5 
S. 
S. 
Graben may comprise a 
range of features, 
including smaller nested 
graben, half graben and 
en fissures. These may 
be fb und in isolation, or in <1 
rou PS - 
Half graben 
producing ovoid 
hanging-wall basin. 
Fig. 3.21 Schematic diagram illustrating some of the wide range of 
surface topographic features that my be generated as a result of 
extensional deformation of the basalt surface. 
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Komatiite flow 
from distal source Subsequent komatiite 
flows exploit structurally 
induced topography of 
basalt surface 
Basalt 
substrate 
100ýrn Graben channel 
in iti I flow 
LoGal features of 
basalt topography 
suGh as fissures, 
nested graben 200 - 500 m 
and half-graben, 
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for accumulation 
of nickel sulphide 
deposits 
1- lom Topographic lows 
provide points for 1- 10 m 
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droplets entrained in 
kom atii ti cI ava 
Fig. 3.22 Schematic diagram illustrating eruption of komatiite onto a 
basalt topography as shown in Fig. 3.19. The topographic features are 
able to channel komatiite flows and provide locations for the formation 
of nickel sulphide deposits. 
Komatiites erupted onto such a rifted basalt surface (Fig. 3.22) will, due to their low 
viscosity and high density (Huppert et al. 1984) exploit the grUben and fissure 
topography. Hence the geometry of the komatiite flows will partially reflect this 
topography. Previous authors (Archibald et al. 1978, Groves 1982, Groves et al. 
1984, Lesher et al. 1984, Gresham 1986) have stated that a pre-existing topography 
on the basalt surface would direct komatiite flow paths. Squire et al. (1998) note that 
the lava flow direction at Kambalda is aligned approximately parallel to the 
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structural trend. Graben such as those described from Krafla would provide an 
excellent means of localising flows, channelling them for long distances and 
allowing for the distal emplacement of komatiites and associated nickel sulphide 
ores. The range of geometries that can develop from extensional processes will be 
reflected in a similar range of trough structure geometries, and hence ore body 
geometry, size and distribution. Thus it is possible to explain the various styles of ore 
body seen in the Kambalda-Tramways region in terms of local variations in the 
extensional geometry at the point of ore deposition. Subsequent deformation events 
modify these primary troughs to varying degrees. Generally though the distinct 
parallelism between troughs and regional structures has been preserved. 
3.8 Examples of early normal structures from Kambalda 
Despite the previous lack of recognition for a discrete early extensional 
deformation event there are many features and ore deposits described in the large 
body of company and academic literature which are best interpreted as early 
extensional structures. There are also features which have been identified or 
suggested as extensional, though apparently they were not considered significant. A 
variety of these examples, covering a range of scales and different ore bodies in the 
field area are presented in support of the model proposed in section 3.7 above. 
3.8.1 Footwall Stringers 
It is suggested by the author that the footwall stringers described in section 
3.2 (Fig. 3.3) are original extensional fractures in the basalt which were infilled with 
nickel sulphide ore during the ore formation phase; or which formed in basalt 
beneath nickel sulphide soon after it was deposited. The pyrrhotite-pentlandite fabric 
parallel to the stringer-basalt contact could be produced as suggested by Cowden & 
Archibald (1987) or as a result of compression during subsequent regional 
deformation; as the orientation of the principal compressive stress was approximately 
normal to the early extensional structures the fabrics parallel the fi-acture boundary. 
Mich one of these mechanisms occurred would depend on the relative timing of ore 
formation and fissure formation. 
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3.8.2 Detailed Komatiite Stratigraphy 
The petrologic and stratigraphic features of texturally well preserved 
komatfites in the Hunt mine at the southern end of the Kambalda Dome were 
mapped in detail by Thomson (1989). This mapping indicates a series of 
approximately 150 thin komatiite flows in the 220-270m thick Tripod Hill Komatiite 
member. These flows can be divided into broadly similar flow units; some of which 
may be traced for 500m along strike, parallel to the trend of the Hunt nickel shoot. 
However correlation of individual flows across strike is difficult, even between 
adjacent drillholes (Thomson 1989). One of the minor features (Thomson 1989) 
records are irregular small pockets (<O. lm) of spinifex textured discordant units 
within an olivine cumulate flow. Thomson (1989) suggests they are the product of 
liquefaction of the settling olivine cumulates, and that liquefaction could have been 
triggered by sudden shocks, possibly resulting from minor earthquakes associated 
with syn-volcanic faulting. Thomson (1989) concludes that there are numerous 
possible causes of the facies diversity within the thin komatiite flows; and notes that 
definable flow contacts show no evidence for ground melting by these lavas. The 
stratigraphy records spatial and temporal shifts in the locus of lava ponding over part 
of the western margin of the Hunt nickel shoot. Thomson (1989) states that although 
the causes of these shifts are still unclear they may have been controlled by 
irregularities in the underlying volcanic topography or by syn-volcanic faulting and 
subsidence. 
3.8.3 Early GrAben Structures 
Structural reconstruction of an area at the north of the Kambalda Dome 
indicates two ore belts approximately 300-400m wide, separated by a horst 
approximately one Ian long and 400m wide (Marston & Kay 1980). The Juan Shoot 
is the collective term for several smaller ore-bodies within part of this reconstruction; 
this shoot is 800m long and up to 200m wide (Marston & Kay 1980). The thickness 
of massive ore within this shoot is generally in the range of 0.5-2m. In detail the 
geometry of the massive ore is complex and shows strong control by irregularities of 
the basalt substrate resulting from minor structural features. Gresham (1986) expands 
on this and suggests that the original ore trough configuration of the Kambalda Dome 
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comprised four major, sub-parallel, linear belts of ore 600-1200m apart, up to 300m 
wide and 101an long. These reconstructions (Marston & Kay 1980, Gresham 1986) 
are both directly comparable with the structures described from the Krafla Fissure 
Swarm. That of Marston & Kay (1980) consisting of two main griiben separated by a 
horst. Trough floor irregularities that appear to influence ore location within each 
graben are the result of smaller scale extensional structures such as fissures and 
minor griiben, (Fig. 3.23). Archibald (1985) discussed the problem of the high and 
low tenor ore belts (Marston & Kay 1980), where the tenor variation suggests a 
strong primary control but tectonic pinchout structures are parallel to the trend of the 
tenor belt. Archibald (1985) compared the stratigraphy of the Widgiemooltha and 
Kambalda-Tramways areas and suggested this indicated the presence of "two 
relatively narrow, parallel volcanic-sedimentary basins which are elongate NNW- 
SSE". And therefore that "primary controls on basin development were NNW 
trending linear structures such as tensional rift faults" but did not develop this idea 
further. 
Gresham and Loftus-Hills (1981) state that the Lunnon and Victor shoots, on the 
south and south-eastem flanks of the Kambalda Dome are confined up dip by normal 
faults. They also suggest that some of these faults were active during deposition as 
the basalt-komatiite contact is offset more than the overlying ore and hanging-wall 
ores. 
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Fig. 3.23 Examples of decimetre scale extensional structures taken 
from the literature describing the Kambalda deposits. A and B show 
footwall stringers, interpreted here as extensional fissures. C shows a 
larger fissure with apparent normal displacement of about one metre; 
compare with Fig. 19b. 
a) from Marston & Kay (1980), b) from Cowden & Archibald (1987), c) 
from Barrett et al. (1977). 
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3.8.4 Syn-volcanic infill of a developing half-graben 
The Helmut and Schmitz ore bodies are located on the eastern anticline of the 
Tramways fold-thrust structure. They provide excellent examples of syn-volcanic 
graben and fissures. Figs. 3.4 & 3.24 (stage 4) show a cross section of these deposits 
from Stone & Masterman (1998). A particularly striking feature of this deposit is the 
eastward thickening of the ore hosting komatiite flow of the Helmut ore body, 
previously discussed in section 3.2. Stone & Masterman (1998) make no comment 
regarding the presence of faulting associated with these ore bodies however there 
must be a significant structure present to cause the observed offset of the Lunnon 
Basalt Karnbalda, Komatiite contact. When viewed in this context the Helmet ore 
body is located in the hangingwall immediately adjacent to a normal fault (hereafter 
referred to as the Helmut Fault). Thus the eastward thickening of the host komatiite 
unit towards the Helmut Fault represents syn-volcanic infill of a developing half 
graben. A thin layer of the host flow unit is draped over the crest of the footwall 
block also indicating syn-volcanic displacement of the fault. Sediment horizons 
located around the contact between the host komatiite flow unit and the overlying 
komatiite represent quiescent periods in tectonic and volcanic activity and are 
separated by thin komatiite flows representing minor eruption phases. The uppermost 
section of the komatiite appears to have flooded the entire structure. Fig. 3.24 shows 
the proposed evolution of this structure. 
The Schmitz ore body is located immediately west of the crest of the Helmut ore 
body hangingwall, adjacent to a fissure. The syn-volcanic relationship defined by 
komatiite flow thickness is not clear in this case since Fig. 3.24 (Stone & Masterman 
1998) does not continue far enough westward to show a marked thinning of the ore 
hosting komatiite. However the fissure in the Lunnon Basalt-Karnbalda Komatiite is 
clear-, there is some thinning of the ore hosting komatiite and it appears that the ore 
body may be located on a fault terrace. 
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Fig. 3.24 Schematic figures illustrating the proposed evolution of the 
Helmut and Schmitz deposits, located at Tramways, in the hangingwall 
of a syn-volcanic extensional fault. 
Stage 4 after Stone &M asterman (1998), Stages 1-3 by the author. 
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The anomalous thickness (up to I 10 metres) of the ore hosting komatiite flow unit of 
the Helmut deposit (Stone & Masterman 1998) suggests that the Helmut fault is also 
unusually large; this is also apparent from its throw of approximately 200 metres. It 
is therefore probable that the Helmut fault is either one of or the major, eastern 
bounding fault of an early graben. It is unclear if there was an early normal fault at 
Schmitz, and what orientation it may have had. If any significant Schmitz structure 
dips westward as the Helmut fault does or if there is no fault at Schmitz, then the 
area shown in Fig. 3.24 may represent the eastern side of a graben several kilometres 
wide (Fig. 3.25a). Such a structure would have major regional significance. If there is 
an east dipping fault at Schmitz, or no fault, then Fig. 3.24 may represent the entire 
width of a graben or half graben respectively (Fig. 3.25b). It is clear that correct 
identification of the syn-volcanic structure will have significant implications for 
potential nickel sulphide mineralisation and hence exploration strategy (Fig. 3.25). 
Gresham (1986) broadly divides nickel sulphide deposits on the Kambalda Dome 
into three classes based on a variety of characteristics, including the degree of 
development of the trough bounding structures and the thickness of the ultrarnafic 
sequence. These classes trend NNW-SSE parallel to the Boulder-Lefroy Fault. The 
ultrarnafic sequence thins from east to west away from the Boulder-Lefroy Fault. 
This may be reflecting large scale topographic variation present at the eruption of the 
komatiites. In this case the sequence thickens towards the Boulder-LefroY Fault, 
suggesting that this fault may have been active as an extensional structure during 
emplacement of the volcanic sequence. 
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I kn 
Helmut Fault as main bounding fault of a 
large scale graben. In this case there would 
be significant exploration potential west of 
the Helmut Fault. 
Helmut Fault as a half graben. In this case 
there may be little exploration polential west 
of the Helmut Fault. 
Fig. 3.25 Two posibilities for the larger scale structure of the Schmitz 
orebody. A) as a fault block on one side of a large-scale graben and B) 
as an individual half graben structure. Identification of the regional 
context will have significant implications for exploration strategy. 
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3.8.5 Evidence of syn-volcanic extension from digitised cross-sections 
The digitised sections used to create the 3D model have been examined for 
evidence of the proposed early extension event. These sections were drafted both by 
Kambalda Nickel Operations geologists and by Archibald (1985). As such they pre- 
date the present authors proposed model for an early syn-volcanic extension event, so 
their interpretation from drill and mining data is not biased towards this model. 
The cross sections focus on the Lunnon Basalt and the Kambalda Komatiite contact, 
as this is the region of economic significance. They also highlight interflow 
sediments within the komatiite, again as they are used in the generic model to define 
ore zones. Nickel sulphide deposits, felsic intrusives, and some of the main drill 
holes used to construct the data are also shown. There is no detail of internal basalt 
or komatiite stratigraphy except where indicated by the interflow sediment horizons. 
The usefulness of these sediments is limited however as they are not laterally 
extensive and it is not possible to correlate them with the data available. 
Bearing these restrictions in mind examples supporting the proposed model from 
these sections are most likely to be faults that cut the basalt-komatiite contact at a 
high angle indicating that they might have been early formed extensional structures. 
Approximately 20% of the cross sections examined contain features of this kind. The 
majority of these examples show faults, or changes in the contact topography that 
might be interpreted as faults. Figures 3.26,3.27 and 3.28 illustrate some of these 
cross sections. 
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Fig. 3.26. East-West cross sections through Kambalda Dome illustrating 
possible early extensional structures. Digitised version (left) and basalt- 
komatiite contact only (right). 
yel low basalt-komatiite contact 
bl ue interflow sediment 
bl ack felsi ci ntru sive 
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Section name given by local grid latitude (metres) no vertical exaggeration 
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Fig. 3.27. East-West cross sections through Kambalda Dome highlighting 
possible early extensional structures. 
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blue interflow sediment 
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Section name given by local grid latitude (metres) no vertical exaggeration 
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Detail of section 550 485nb illustrating extensional 
structures on the top surface of a later thrust 
wedge which may be the result of inversion of 
the earlier extensional structures. 
550 480n 
7 
WE komabite Detail of section 550 480n illustrating potential 
early extensional fault to east of the thrustwedge 
indicated in the section above. 
loom 
basalt -I 
Fig. 3.28. East-West cross sections through Kambalda Dome highlighting 
possible early extensional structures. 
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Section name given by local grid latitude (metres) no vertical exaggeration 
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This approach is complicated by the late stage strike slip deformation in the 
Kambalda region (Archibald 1980, Swager & Griffin 1990). This would form sub- 
vertical faults that may show apparent normal displacement in cross section, 
dependent on the orientation of the surface they displace (Fig 3.29). Therefore late 
strike-slip faults may be incorrectly identified as early normal structures. However 
for this process to form a graben such as that seen in Figs. 3.26 & 3.27 would require 
a two parallel strike slip faults with opposite senses of displacement. Intuitively it is 
simpler to form a graben by early extension and then rotate it as the fold develops. 
It is obviously necessary to try and discriminate early extensional faults from late 
strike slip faults. Early extensional features formed when the basalt-komatiite contact 
was sub-horizontal, in contrast with the late stage strike-slip deformation which post- 
dates the formation of the Kambalda Dome (Archibald 1980, Swager & Griffin 
1990). As a result the bedding cut-off angle of later strike slip faults will be 
dependent on their location on the Katnbalda Dome, which controls the orientation 
of the surface they cut. An early normal fault should always have a bedding-cut-off 
angle suitable for that style of structure, if the analogy with the Krafla Fissure Swarm 
is correct this may be in the range 70"-90*. The present orientation of this fault will 
depend on how it has been rotated during the folding event that formed the 
Kambalda Dome. In contrast a late strike slip feature will be sub-vertical in the 
present day, and may or may not have a high angle to bed bedding depending on it's 
location (Fig. 3.29). 
Furthermore several of the cross sections (Figs. 3.27 & 3.28) show sub-vertical 
structures beneath later thrust contacts which have no apparent displacement in the 
plane of the cross section. This indicates that the event that formed the sub-vertical 
structures pre-dates the later compressive event forming the thrusts, and the strike- 
slip event as proposed in the models of Archibald (1985) and Swager & Griffin 
(1990). This supports the proposition that these structures were formed in an early 
extensional deformation, rather than during a late strike-slip event. 
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Fig. 3.29. Illustration of how a late stage strike-slip fault on an appropriately 
orientated portion of the Kambalda Dome might be mistaken for an 
early normal fault, if cross section geometry is the only source of data. 
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Clearly though with respect to the cross sections being studied here geometry alone 
remains an ambiguous method of identifying early extensional structures. The model 
of early extension proposed implies that there will be stratigraphic variations in and 
around the grdben and half grdben as a result of syn-volcanic lava deposition. Such 
variations in stratigraphy strengthen the argument for syn-volcanic faulting and have 
been illustrated from the literature (Fig. 3.24). Unfortunately the digitised sections 
contain very little detail of stratigraphy within the basalt or komatfite. However one 
section does contains interflow sediment horizons that show divergent horizons, 
indicating syn-volcanic infill of a developing half-graben (Fig. 3.30). The author 
considers this compelling evidence of syn-volcanic extension occurring in rocks that 
subsequently became part of the Kambalda Dome. 
In conclusion it is believed that there is strong evidence for syn-volcanic extension. 
However there is also the likelihood that later oblique/strike-slip events formed new 
structures and reactivated earlier ones partially masking the evidence of the early 
extension event. Furthermore with the limited evidence of the available cross- 
sections these events may not be differentiated from early extensional features. The 
key to unlocking these issues is a detailed knowledge of the stratigraphy, this will 
enable definitive identification of early extension structures. 
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Fig. 3.30. East-West cross sections through Kambalda Dome. 
A) Shows original digitised cross section. 
B) Shows thiswith interpretation of section thickening towards a proposed 
early west dipping extensional fault. 
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3.8.6 Source of extensional stress 
The extensional stresses responsible for the Icelandic Fissure Swarms are the 
result of the interplay between Mid-Atlantic spreading and those associated with 
uplift of the crust above an area of anomalously hot mantle. This was traditionally 
considered to be a mantle plume sourced from the core-mantle boundary at a depth 
of approximately 2,9001an. Recently however seismic tomography experiments have 
shown that the anomalous region does not extend deeper than 6501an (Foulger et al, 
2001). 
The analogy presented in this chapter between the Icelandic structures and the 
proposed pre-komatiite landscape of Kambalda does not imply that extension above 
a mantle anomaly is required in the Karnbalda model. The author considers that far- 
field extension alone is sufficient to generate the surface topography proposed. The 
structural trend of the Eastern Goldfields is consistent over strike lengths of hundreds 
of kilometres, and some of the proposed early extensional structures, e. g. the 
Boulder-Lefroy Fault, are crustal scale features. It is likely that such large scale 
regional extension was the result of plate tectonic activity. However several authors 
(e. g. Campbell et aL 1989, Bateman et aL 2001) consider a mantle plume to be the 
most appropriate way of forming the volcanic sequence observed at Kambalda. It is 
beyond the scope of this thesis to determine whether or not a mantle plume, or other 
mantle anomaly was involved in the formation of the Kambalda region and therefore 
it must remain a possibility. But with specific regard to the proposed model 
describing formation of structures on the basalt-komatiite contact a mantle anomaly 
is not necessary. 
It is worth speculating on the affect, if any, that general extension, rather than 
extension in the presence of a mantle plume, would have on ore body geometry. 
The scale of the individual ore deposits, including the troughs mapped over several 
kilometres, is still at least one order of magnitude below the scale of crustal scale 
rifting that might be expected in continental extension, either with or without a 
mantle plume. At ore body scale (hundreds of metres to kilometres) extensional 
structures will behave in the same way regardless of the source of the extension. 
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Therefore ore body geometry will not be affected by the presence or absence of a 
mantle plume. 
As a result of crustal doming rifting associated with a mantle plume sometimes 
develops a three arm geometry as in the case of the East Africa rift system. On a 
continental scale this might be reflected by separate and distinct diverging belts 
containing NiS mineralisation. Although this is not the case in the Eastern 
Goldfields. the scale is such that the preserved geology may reflect a single preserved 
arm of a previously larger rift system. However such large scale features would affect 
the distribution of ore bodies on a continental scale. 
A potentially more significant factor would be the location of the volcanic centres 
with respect to the rifting. If extension occurs in relation to a mantle plume, or an 
anomaly such as that beneath Iceland then extension and volcanism will be 
superimposed. This is seen in Iceland where each of the five main fissure swarms has 
a central volcanic cone that is the source of the lava flows within that swarm. This 
might not be the case if the extension and volcanism are not so intimately related. In 
this case lava might not be channelled into the graben as effectively. The NiS ore 
bodies still form in the same way though so will be located wherever lavas are able 
to pond. Without a significant tectonic control on trend such as that provided by the 
graben a more widespread distribution throughout the komatiite flow fields may 
result; ore bodies may not be expected to form along consistent trends. It is also 
possible that the conditions for forming the deposits may not occur as often, with the 
result that less ore bodies were formed. 
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3.9 Conclusions 
1. The proposed early graben provide very effective means of channelling 
komatiite flows and allowing thermally efficient transport of lava to an 
advancing flow front; they also provide sites for deposition of nickel sulphide 
ore. The consistent linear trend of the ore bodies is then easily explained by 
the linearity of the graben structures. The variety of ore body styles 
throughout the Kambalda, region is caused by the range of topographies 
developed at the basalt surface during the volcano-tectonic processes 
described in this chapter-, and observed during recent eruption events in the 
Krafla Fissure Swann. 
2. The ore troughs formed during an early phase of extensional deformation; 
previously unrecogriised in the Kambalda, area. 
3. The ore troughs are local indicators of a syn-volcanic extensional 
deformation; based on the present-day orientation of these structures the 
original extension was oriented approximately east-west. 
4. Despite the analogy with an area influenced by a present day plume the 
author does not consider the presence of a plume is required in the model 
presented here. The basis of the model is that the graben structures are 
generated by extension. At Kambalda this may or may not have occurred in 
the presence of a mantle plume. 
5. The similarity in geometry, scale and lithology between the graben of Krafla 
and the ore troughs of the Kambalda region implies that they are analogous 
structures. 
6. It is probable that this early extensional deformation occurred throughout the 
Eastern Goldfields. It is likely that many of the NNW-SSE trending structures 
of the Eastern Goldfields Province such as the Boulder-Lefroy Fault, were 
original extensional structures related to this deformation. These were 
subsequently reactivated as strike-slip and/or thrust faults during the later 
transpressive and compressive deformations. 
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4.1 Introduction 
The chapter begins by introducing Midland Valleys computer modelling 
software 3DMove. It describes the principal algorithms used and discusses some of 
the issues surrounding this type of modelling. A sensitivity analysis of the main 
restoration algorithms used in this thesis is presented. 
Section 4.3 proposes a new model for the development of the thrust structures of the 
NW Kambalda, Dome; (e. g. the Loreto and Fisher thrusts). This is derived from the 
proposition that the trough structures are early graben of the style seen in Krafla 
which then reactivate and create footwall shortcut thrusts. This work is surnmarised 
in section 4.5 and section 4.6 attempts to consider some of the economic 
implications of the model. 
4.2 Introduction to modelling with 3DMove 
This section provides an overview of 3DMove and the algorithms used in the 
following section of the thesis. It also details some of the general modelling issues 
that need to be considered when using the software. It is intended solely to give the 
reader unfamiliar with 3DMove enough background to understand the subsequent 
sections in chapters four and five. Technical issues related to the modelling of 
specific structures at Kambalda are discussed at the relevant points in the text. 
3DMove is a UNIX based software programme developed by Midland Valley 
Exploration Ltd. It runs on Silicon Graphics computers and enables the construction 
and visualisation of three dimensional models from a variety of geologic data. 
Initially being able to interactively view a model in three dimensions, rapidly 
produce contour maps and cross sections of any orientation, may provide new 
insights into the geology of the study area. Beyond this 3DMove performs a variety 
of structural modelling techniques enabling the geologist to study the structural 
evolution of the area by restoration and forward modelling. 
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Two dimensional structural balancing techniques, based on conservation of either 
bed length or bed cross sectional area make several assumptions which limit their 
applicability in many geological scenarios. Most importantly is that the plane of the 
cross section being restored must be coincident with the orientation of plane strain 
(i. e. there is no line or area change) during the deformation being analysed. If this is 
not the case then neither bed length nor cross sectional area would have been 
preserved during the deformation and the basis of the restoration is invalid. 
3DMove software is based on 2D pencil & paper restoration techniques but also 
includes new 3D algorithms taking fiill advantage of modem computing 
developments; enabling restorations that were previously not possible. 
The software is based upon a general rule base, which is applied to its various 
algorithms: 
Volume loss attributed to pressure solution and tectonic compaction are 
assumed to be minimal, therefore rock volume is conserved during 
deformation. 
* Rock volume is only altered by erosion and sediment compaction. 
* The dominant mode of deformation is brittle faulting. 
* Folding is related to faulting. 
The techniques the software uses may be divided into two main types. Further details 
of those used in this study are provided below. 
Non-kinematic restorations, which ignore fault geometries: 
1. flexural unfolding 
2. simple shear unfolding 
3. jigsaw restoration 
Kinematic restorations, which consider the affects of fault geometry on hangingwall 
deformation. 
1. inclined shear 
2. fault parallel flow 
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3. flexural slip 
4.2.1 Non-Kinematic Restoration-Flexural Unfolding 
The flexural unfolding algorithm is designed to be applied to parallel folds 
(Le. those with constant bed thickness) which have formed as a result of flexural slip 
between beds. Hence line length is assumed to have been preserved. The algorithm 
generates a slip system in the model parallel to a user designated template surface, 
surfaces to be unfolded are designated as passive beds (Fig. 4.1). The intersection 
between the slip system and the passive beds records any thickness variations 
between the beds. Unfolding takes place about the pin surface which should 
correspond to the axial surface of the fold and is also designated by the user. 
: hernatc ilustraticin ofappiopriate 
n and stain plane criertabons 
r flexural unfolding algDnihm. 
Slip system used in flexural unfolding algorithm 
template bed. 
ilip system 
N 
1) Sip system constructed 
passive 
Od 
parallel to template bed. 
2) Thickness variations in 
the told am recorded by the 
Intersection between the slip 
system and the passive bed. 
3) The template bed and 
the alp system are unfdded abou 
Ina p1m 
Fig. 4.1 Principles of unfolding horizons with the flexural sip 
algorithm. See text for details. 
From 3DMove help files. 
3DMove surfaces are built of triangles with surface deformation being 
accommodated at triangle edges, this is described further in section 4.2.5. During 
flexural unfolding each triangle comprising the surface is rotated to horizontal about 
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its centre point, then translated vertically upwards to the datum being unfolded to 
(Fig. 4.2). At this stage triangles will be horizontal at the datum but overlapping each 
other; they are translated horizontally in the unfolding direction away from the pin 
surface until a single surface is formed. In this way shear occurs parallel to the slip 
system generated by the template bed and increases in value away from the pin 
surface. Triangles that intersect the pin surface are only translated to the datum, and 
not sheared. The surface area of these triangles remains constant throughout the 
operation, thus preserving the total surface area of the beds. 
L 
/TT 
1 ý71 
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1) Section of hypothetical fold 
limb showing subdivision into 
parallelograms of area A and side 
length L to perform calculations. 
T= true bed thickness 
2) Each parallelogram Is 
rotated to the horizontal, preserving 
its area and line length, and hence 
bed thickness. 
3) The parallelogram is 
sheared to a rectangle, restoring 
the flexural slip component of 
folding. Line length, surface area 
and original bed thickness are 
preserved. 
Fig. 4.2 Principles of preserving line length, surface area 
and bed thicknesss with the flexural slip algorithm. Note 
this only applies in the orientation of the strain plane. 
From 3DMove help files. 
The algorithm: 
* Preserves line length of the template bed and beds parallel to it, in the 
unfolding direction. 
* Preserves the surface area of cylindrical or chevron folds that were formed in 
a single deformation event. 
9 Maintains bed volume. 
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9 Relative bed thickness remains constant but discrete slip between beds will 
change thickness at specific points along the template bed. 
4.2.2 Kinematic restoration tools 
4.2.2.1 Incline Shear 
This algorithm incorporates the work of Verrall (1981), Gibbs (1983) and 
Withjack & Peterson (1993) to relate hangingwall deformation to fault geometry. 
The theory originates from the Chevron construction of Verrall (1981). This is a 
simple pencil and paper technique for constructing hangingwall topography above a 
fault plane. It applies a constant extension to the entire hangingwall (Fig. 4.3a) which 
leaves a void between the hangingwall and the fault plane (Fig. 4.3b). Each point in 
the hanging wall then collapses vertically onto the fault plane, filling the void and 
forming a rollover fold in the hanging wall. This model assumes the hangingwall 
deforms by vertical simple shear. Furthermore as heave is constant and equivalent to 
extension fault slip decreases with decreasing fault dip. This was modified by White 
el aL (1986) such that the hangingwall collapses by inclined simple shear (Fig. 4.3c). 
Commonly this angle would be taken as the dip of any antithetic or synthetic faults in 
the hanging wall. Antithetic shear results in fault heave less than extension, whereas 
synthetic shear results in fault heave greater than extension (Fig. 4.3d). 
In 3DMove the algorithm populates the hangingwall volume to be modelled with a 
series of shear pins generated from the triangle nodes of the fault surface (Fig. 4.4); 
these represent the vector along which hangingwall particles will collapse. 
The user defines the orientation of these and hence is able to specify the type 
(vertical, antithetic or synthetic) and angle of shear. These shear pins have a fixed 
length measured from the fault plane to the hangingwall surface being modelled. 
They maintain this length during the deformation and are translated along the fault 
plane with direction and distance specified by the user. Hence the fault plane 
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A 
extension 
area =A 
hangingwall footwall 
L--IjI 
extension direction 
B 
vo kJ 
area 
=A 
hangingwall footwall 
hangingwall 
7 
footwall 
A StartiN conditions, fault defined, area of 
extension "A" indicated. 
B Exte n sion with nod efo miatio n of h an gin gwal I 
leaves a void with area A equal to that of the area of 
extension. 
C Hangingwall collapses onto fault surface along shear 
pins. Some of the void above is filled and a hangingwall 
topography is created. 
D 
D 
hangingwall footNall 
varying heave 
D Illustrating how heave varies with shear angle for a 
constant displacement (D). See text for discussion 
Fig. 4.3 Cross sections illustrating principles of 
incline shear algorithm. 
After 3DMove help files. 
geometry is propagated into the hangingwall. The algorithm extends the hangingwall 
by an amount D (Fig. 4.3a) creating a void between it and the fault plane (Fig. 4.3b). 
This void is filled in by the collapse of the hangingwall. The orientation of this 
collapse is controlled by the orientation of the shear pins (Fig. 4.3c). 
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The algorithm: 
" Conserves the volume of the hangingwall. 
" Maintains the length of the shear pins throughout the modelling. 
" Heave, throw and slip all vary in the movement direction. 
The term displacement in this algorithm refers to the horizontal translation of the 
hangingwall, distance D in Fig. 4.3d. This is not equivalent to the heave unless 
vertical (90') shear is used (Fig. 4.3). The movement direction of the hangingwall 
may be extensional or compressional, allowing restoration or forward modelling to 
be carried out. It may also be at any orientation to the fault strike enabling oblique 
and strike-slip deformation to be modelled. The movement direction and shear vector 
of the hangingwall are required to maintain their orientations for each discrete stage 
of the modelling. This algorithm can also be used to calculate a fault geometry from 
a known hangingwall geometry, though this requires accurate information on 
footwall cut-off. 
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Fig. 4.4 Fault surface with shear pins 
illustrated. As used in incline shear restoration. 
From 3DMove help files. 
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4.2.2.2 Fault Parallel Flow 
This algorithin is based on work by Egan et aL (1997) studying particulate 
laminate flow over a fault ramp. It assumes the hangingwall behaves as a highly 
viscous fluid as it moves over the fault plane; deformation is modelled using flow- 
line equations rather than the geometric construction techniques used in the incline 
shear algorithm. This method allows restoration in true 3D and does not require the 
algorithm to construct axial surfaces prior to modelling (Egan et aL 1996). 
Geologically the algorithm is equivalent to hanging wall deformation occurring by 
bedding parallel slip and therefore is applicable to contractional deformation 
regimes. However it is also effective in modelling extensional, oblique and strike- 
slip deformations, for example on listric faults it will generate realistic extensional 
roll-over anticlines in the hanging wall. 
The two dimensional basis of this is shown in Fig. 4.5. The algorithm divides the 
fault plane into a series of discrete dip domains, with changes in the fault dip marked 
by bisectors. Flow lines are generated between the bisectors and parallel to the fault 
plane. Hangingwall particles are translated along these flow lines. In three 
dimensions it is necessary to calculate a flowpath for every hangingwall vertex above 
a cross section of the fault plane parallel to the specified transport direction. In 
contrast with incline shear this algorithm models deformation occurring primarily by 
layer parallel shear. It is also possible to apply an angular shear to the trailing edge of 
the hangingwall units. This shear occurs parallel to the flowpath and its value 
increases with orthogonal distance from the fault plane (Fig. 4.6). This may be 
required for example during forward modelling of fault bend folds in order to 
maintain bed thickness in the forelimb. 
The algorithm: 
* Preserves volume in the hangingwall. 
* Does not preserve orthogonal bed thickness or bed surface area. 
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thinning 
fault 
two sections of a forward modelled 
fault bend fold using the fault parallel 
flow algorithm. The bottom section 
was modelled with foreshear to 
eliminate thinning in the forelimb 
Fig. 4.6 Effect of applying positive layer parallel shear 
in fault parallel flow algorithm, see text for details. 
From 3DMove help files. 
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Fig. 4.5 Cross section illustrating principles of the 
fault parallel flow algorithm, see text for details. 
From 3DMove help files. 
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4.2.3 General Comments 
For both the kinematic modelling algorithms described above it is obviously 
necessary to have a fault surface. This surface needs to be present beneath as much of 
the hangingwall as possible. Hangingwall which does not have fault beneath it 
cannot be modelled (Fig. 4.7). For this reason it is necessary to extend faults as much 
as possible in order to be able to model. In the case of extensional and compressional 
tectonics this might be possible with a reasonable degree of accuracy even if data is 
lacking. However when dealing with regions of strike slip tectonics, and normal and 
reverse faults with high dip angles, it becomes more difficult. In such cases it may be 
possible to surround the rock volume to be modelled with a sheath of faults, for 
example including an antithetic fault which could also be used in modelling. 
However if this cannot be done realistically then it has to be accepted that only a 
narrow region close to the fault will be modelled accurately. 
shear pins 
hangingwall topography 
Fault with low angle of dip 
underlies a greater area of the 
hangingwall enabling modelling 
of a larger region. 
shear pins 
Fault with high angle of dip 
restricts the amount of 
hangingwall which can be 
modelled. Dashed lines indicate 
required down-dip extension of 
fault to model the same area as 
a fault with a lower angle of dip. 
Fig. 4.7 Diagrams illustrating effect of angle of fault dip on 
surface area of horizon that can be restored. Figure shows 
shear pins as generated by the incline shear algorithm but the 
same principle applies to the fault parallel flow algorithm. 
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It is only possible to deform a hangingwall above one fault at a time. It is possible to 
deform faults within a hangingwall though. If a sequence of faults are involved in the 
deformation they need to be modelled in separate stages. 
The default for both of the kinematic algorithms is to use a fixed displacement along 
the strike of the fault. However a variable heave profile can also be used where 
necessary. If for example hangingwall and footwall cut-offs are present on a fault 
plane the separation (heave, throw and slip) in a specified movement direction (Fig. 
4.8) can be calculated and this data used to control the displacement during 
modelling. It is also possible to create these files manually, in situations where there 
are no footwall cut-offs but it is clear that displacement should vary along the fault 
length; for example towards a fault tip. Extension and compression can occur 
simultaneously (with the same movement direction) whilst modelling with variable 
heaves. 
/' 
/ 
/--A 
Fig. 4.8 Illustration of footwall and hangingwall cutoffs (coloured 
lines) may be projected onto a fault surface and used to 
generate slip vectors for restoring horizons. 
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4.2.4 Other tools used 
4.2.4.1 Cylindrical Analysis 
This tool analyses the nonnals to each triangle of the selected surface and 
uses them to calculate an average fold axis for the surface. This is useful when 
determining the correct orientation for strain and pin planes in the flexural unfolding 
algorithm (Fig. 4.1). However since it generates a result regardless of the geometry 
of the surface it must be used with caution where there is no distinct fold as spurious 
results may be generated. 
4.2.4.2 Colour Mapping 
Surfaces may be colour mapped according to a variety of criteria, depth is 
commonly used as a quick method of producing contour maps which clearly show 
surface topography. It is possible to specify the parameters, such as contour interval, 
so that different results may be compared. 
4.2.5 Model building in 3DMove 
The software provides a complete suite of model building tools. These allow 
a wide range of data sources to be combined to construct a three-dimensional model: 
* Line data of any orientation such as cross sections or digitised map data can 
be joined to create surfaces. 
9 XYZ point data may be gridded to build surfaces. 
9 Surfaces may be manually projected from lines along a desired orientation, 
allowing field data to be incorporated into a model. 
Surfaces are created as triangular networks, curvature on the surfaces is 
accommodated at the triangle boundaries, and triangle nodes are used in the 
calculations for the modelling algorithms. Therefore it is necessary to have a 
sufficient number of triangles in order to accurately represent and model the surface. 
For example a fold will require more triangles to represent it than a planar horizon, 
however if the planar horizon is going to be involved in a deformation which will 
cause it to be folded it needs sufficient triangles to be able to fold and maintain a 
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geologically realistic shape, i. e. more than the minimum required to represent its 
initial geometry. For fault surfaces a reasonable number of triangles are required to 
enable an accurate modelling of hangingwall deformation. However as the number of 
triangles in the model increases so does the file size (in Mb) and the time needed to 
calculate operations on the model, be they restorations or simply rotating the model 
to view it from a different angle. It is necessary to strike a balance between having 
enough detail to enable accurate modelling but not so much that the model becomes 
prohibitively slow to work with. 
Tools are available in the software to resample the number of triangles in a surface 
either up or down. If a surface is double sampled the number of triangles will double 
and surface geometry will be preserved. If a surface is half sampled the number of 
triangles is halved and some detail of the surface topography is lost, this information 
is not preserved in the model. Therefore if a folded surface is half sampled to the 
degree that it becomes planar, subsequent double sampling will only increase the 
number of triangles that comprise the planar surface, the previous topography will 
not reappear. These resampling operations have to be applied to a whole surface, 
even if a high triangle density is required only in one part of a surface it has to be 
applied to the entire surface. At the time of writing beta functionality in the software 
allows resampling on a sliding scale giving greater control over the results than 
doubling or halving. The triangle density used in any model depends on what is 
required from that model; and the hardware being used to run the program. The work 
described here was carried out on a Silicon Graphics Octane R10,000 @ 225 MHz 
and with 256 Mb RAM. This gives the ability to work with models that may involve 
several hundred thousand triangles, although some operations may still take several 
hours to complete with the hardware described. 
The software does not discriminate between different surface types, such as faults 
and horizons. This simplifies the model building process and it allows faults to be 
both deformed as part of a hangingwall and used as a fault in the same model. 
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Issues associated with the process of building 3D models from 2D data are discussed 
in chapter five with the description of building the Kambalda Dome model (section 
5.4.2). 
4.2.6 Sensitivity Analysis of Modelling Algorithms 
To be able to use the modelling results to gain a valued judgement of the 
structural evolution of the study area it is necessary to quantify the uncertainties 
present in the them. This enables knowledge of the degrees of freedom possible in 
the models; and hence the extent to which they can be relied upon. 
To investigate this a simple model comprising a fault and a planar horizontal surface 
was forward modelled forming a hangingwall anticline. As the deformed horizon had 
been created in 3DMove the model parameters needed to restore it perfectly were 
known. This horizon was then restored with parameters varying from those required 
and the effect of these incorrect parameters was assessed. 
The initially planar horizon was forward modelled using the fault parallel flow 
algorithm with slip of 3,000m to 090*; along an essentially cylindrical fault with 
strike of 189". This produces a cylindrical fold with an amplitude of approximately 
1,000m. Fig 4.9 shows this surface contoured in 100m intervals. It is known 
therefore that this will restore to a horizontal surface using the fault parallel flow 
algorithm with a slip of 3,000m towards 270*. 
In order to assess the individual impact of each of the variables available in the 
algorithm only one was varied at any one time. The first series of model runs used 
the correct amount of slip but altered the transport direction in 10" then 20* 
increments. These results are presented in table 4.1, and Fig. 4.10 which illustrates 
some of the models contoured in 100m intervals. 
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Fig. 4.9 Contoured hangingwall (100m interval) used as starting 
point for sensitivity analysis restorations. Model parameters used 
to create surface were displacement of 3,000m to 090* using the 
fault parallel flow algorithm. 
percentage 
percentage residual fold 
transport fold 
error in input amplitude 
direction amplitude 
parameter (metres) 
unrestored 
2700 0 0 0 
2600 11 100 10 
2500 22 300 30 
2400 33 400 40 
2200 56 600 60 
2000 78 1000 100 
1800 100 1300 130 
Table 4.1 Varying transport directions modelled and amount of fold topography left 
unrestored. 
These results (Fig. 4.10) show that the model is sensitive to transport direction. A 
transport direction that is 200 away from the correct value leaves 30% of the fold 
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amplitude un-restored. A ten degree inaccuracy in transport direction still results in a 
noticeable 10% remaining topography. However as this is an artificially constructed 
fault it is a smooth surface. It is possible that for a more natural fault, with minor 
topography on its surface, the I 00m variation in topography of the restored horizon 
might be masked by natural surface undulations. However these are unlikely to 
conceal more than this level of variation. Based on the above results it is reasonable 
to consider that transport direction is accurate to within 10', it is the authors 
experience that even with "natural" surfaces confidence in transport direction can be 
confined within 10'-20'. 
7 
transport direction 2700 transport direction 2500 
transport direction 2200 transport direction 1800 
Fig. 4.10 Contoured hangingwall (100m interval) restored using the 
fault parallel flow algorithm. Model runs used varying transport 
direction with a constant (along strike) 3,000m displacement. 
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A second series of models was run using the correct transport direction but reducing 
the amount of displacement from the 3,000m required to fully restore the surface. 
These results are presented in table 4.2, and Fig. 4.11 which illustrates some of the 
models contoured in I 00m intervals. 
percentage 
percentage residual fold 
displacement fold 
error In Input amplitude 
(metres) amplitude 
parameter (metres) 
unrestored 
3,000 0.0 0 0 
2,950 1.7 100 10 
2,900 3.3 100 10 
2.800 6.7 200 20 
2,600 13.3 300 30 
2,400 20.0 400 40 
2.200 26.7 500 50 
2,000 33.3 600 60 
Table 4.2 Varying displacements modelled and amount of fold topography left 
unrestored. 
Again it is clear that this model is very sensitive to the amount of displacement on 
the fault. A 50m (1.7%) error in the slip amount results in a noticeable (10%) 
difference to the restored horizon. If some allowance is again made for natural 
surface irregularities masking this change then a difference of between 100 and 200m 
(approx 3.5-7%) in slip amount will result in up to 20% unrestored surface 
topography. 
These two sets of models indicate that 3DMove is sensitive to relatively small 
changes in restoration parameters and allows visual detection of errors in restoration 
to within about 10% of the correct values. The model runs above are more sensitive 
to small (<I 0%) effors in displacement value than the displacement direction. In the 
specific case of this model the cylindrical nature of the fault might result in a 
relatively insensitive model for transport direction variations of around 10". This 
would not be the case if there was topography on the fault plane, such as down-dip 
corrugations as mentioned above, or a lateral ramp. 
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displacement 2,950 metres displacement 2,800 metres 
displacement 2,400 metres displacement 2,000 metres 
Fig. 4.11 Contoured hangingwall (1 00m interval) restored using the 
fault parallel flow algorithm. Displacement was varied whilst transport 
direction of 2700 was used for all model runs. 
These model runs give a high level of confidence in the modelling described in this 
chapter of the thesis; in respect of the sensitivity of the software. However it is 
important to remember that there will be some variation in these values depending on 
the surface being modelled. For example if the fault had more detailed topography on 
the ramp, such as corrugations plunging down-dip then the transport direction would 
have a smaller margin ol(ý' than the plain cylindrical model used here. For these 
reasons it is important to consider each case individually when deciding on the 
accuracy of the results and the degree of confidence that may be placed in them. 
Regarding conclusions drawn from the modelling described in this chapter the most 
significant uncertainties in the modelling relate to the overall geometry of the 
surfaces used in the modelling rather than the sensitivity of the algorithms; as there is 
no definitive information regarding the Boulder-Lefroy Fault, or other unknown 
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faults that may have a role in the formation of the Karnbalda Dome. Therefore in this 
case Mmove may only be used to test generic scenarios; from which it may be 
possible to draw geneml conclusions. 
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4.3 Modelling the northwest flank of the Kambalda Dome 
The westem limb of the Kambalda Dome is characterised by several major 
thrust structures, discussed in chapter two. These thrusts are economically significant 
as several of the main orebodies of the Kambalda Dome are found on both their 
hanging and footwall contacts. Geologically they represent a principal aspect of the 
evolution of the Kambalda, Dome; however they are the only structures of their kind 
currently known in the Kambalda-Tramways corridor. 
The analogue between the Kambalda trough structures and the Icelandic grdben 
described in chapter three only applies directly to the earliest structural development 
of the Lunnon Basalt-Kambalda Komatiite interface. However structures generated 
during the early extensional deformation phase may influence subsequent 
compressive deformations. Later deformation phases may reactivate earlier structures 
and hence the affects of the compressive deformation seen in the present day are 
controlled to a varying degree by the early extensional structures; and may be used to 
provide further details regarding the original form of the early extensional structures. 
Therefore it is necessary to understand the early structures in order to fully 
understand the later deformation events. 
Faults and fissures in the Krafla Fissure Swarm are pure tension structures in the 
uppermost several hundred metres of the crust and so have vertical or sub-vertical 
dips. At intermediate crustal depths (approximately Ilan) deformation occurs by 
normal shear and the structures become normal faults sensu stricto with dips of 60- 
75' (Angelier et al. 1997). The depth at which this transition occurs varies, probably 
corresponding to an equilibrium between lithostatic pressure and effective tension 
induced by the presence of magmatic fluid pressure (Angelier et al. 1997). 
During later deformation events it is mechanically easier for favourably oriented pre- 
existing structures to reactivate than for new structures to form (Gillcrist et al. 1987). 
Wbich structures reactivate depends on a variety of factors; most importantly the 
orientation of the pre-existing structure with respect to the principal compressive 
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stress. A normal fault dipping at 60* and aligned perpendicular to the principal 
compressive stress might reactivate easily, whilst a sub-vertical fault in the same 
stress regime is very unlikely to reactivate (Fig. 4.12). In the latter situation it is more 
likely that a new structure will form in response to the applied stress. 
In the case of the early grdben proposed to have been present at Kambalda the 
bounding faults would have been sub-vertical to depths of several hundred metres or 
more, depending on local conditions. Below this depth they would have had dips of 
60-70* (Angelier et aL 1997). When these structures were subjected to compression 
with the maximum principal compressive stress oriented at approximately 90" to the 
fault plane, it is likely that the deeper portion of the fault plane would have been able 
to reactivate whilst the sub-vertical upper segment would not. At the junction 
between these two fault segments a footwall shortcut may have been initiated. This 
low angle thrust would enable continued shortening of the sequence, (Fig. 4.13). It is 
suggested that thrust structures such as the Loreto and Deeps F on the NW flank of 
the Kambalda Dome are the result of this process. 
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Fig. 4.12 Schematic Mohr diagram showirxj how, for a given 
state of stress, a preferentially oriented fracture will reactivate 
before intact rock fractures. 
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vertical/sub- 
vertical 
fault dfficu It 
to react vate 
60* 
can 
basalt-kornal ite contact 
incipient 
footwall 
shortut 
1) Structures present from initial 
extensional deformation comprise 
vertical and dipping fault segments. 
Footwall shortcut initiated 
from kink between these two. 
I 
normal fault 
i reactivate 
kink! n original graben bounding 
faultatjunction bebNeen 
vertical and dipping portions 
2) Displacement on footwall 
shortcut forms thrust wedge and 
kink in hangingwall surface. 
3) Rotation of structure during 
folding produces thrust wedge 
characteristic of Kambalda Dome. 
This rotation may take the original 
vertical fault into a position more 
favourable for reactivation as a 
backthrust. 
reactivalion polental of 
onginal vertical fault as 
backthrust as its orierdal on 
alters with respect b 
principal compressive stress 
Fig. 4.13 Schematicillustration of footwall shortcut model for formation of characteristic thrust structures on the Kambalda Dome. 
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The theory was tested using 3DMove. A generic model was constructed using 
measurements of the cut-off angles made by the Loreto and Deeps F thrusts taken 
from published cross sections (Gresham & Loftus-Hills 1981). These gave angles for 
the dip of the footwall shortcut of 30' and 40' respectively. The main eastern 
bounding fault of the Krafla model was used to project a sub-vertical fault to a depth 
of several hundred metres. At this point the dip was decreased to 60' and the fault 
continued to a depth of some 500m. A further fault representing the footwall shortcut 
was projected up from the kink in the main fault at an angle of 40' till it intersected 
the surface representing the Lunnon Basalt-Kambalda Komatiite contact. For 
modelling purposes the footwall shortcut was also projected into the Kambalda 
Komatiite horizon. Only a single fault, i. e. one half of the graben was modelled. 
sub-vertical 
fault 
deformed 
hangingwall 
footwall 
shortcut 
kink at tip 
line of 
footwall 
shortcut 
normal fault 
Fig. 4.14 Result of a 3DMove forward model designed to replicate thrusts 
of the Kambalda Dome. Use of the incline shear algorithm produces 
unrealistic fold. Yellow surface represents basalt-komatiite contact. 
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The validity of the basic theory was tested using this model. Displacement occurred 
along the fault segment that dipped at 60" and the footwall shortcut; the sub-vertical 
fault segment was modelled as part of the hangingwall. Two different modelling 
algorithms were tested, incline shear and fault parallel flow, both using a transport 
direction normal to the fault. The incline shear algorithm produced hangingwall folds 
with steep limbs and high amplitude, (Fig. 4.14). These were judged unrepresentative 
of the structures which would develop, and bore little resemblance to a typical cross 
section through one of these thrust wedges. The fault parallel flow algorithm 
produced a more realistic hangingwall structure, (Fig. 4.15), this algorithm was used 
for the remainder of the modelling. 
The horizon deformed in the modelling was initially horizontal. Structures associated 
with fault displacement only account for part of the compressive deformation that 
occurred in the Kambalda region. Due to their generally high angles of dip (60*-70*) 
it is assumed that the thrusts pre-date the folding. To simulate the structure being on 
a fold limb the entire model was back-rotated by 30*. This does not model a geologic 
process but simply increases the dip of the surfaces to present day values (Fig. 4.16) 
hence allowing a visual comparison with cross sections through the thrust wedges. 
There is a very satisfactory comparison between the result of the basic forward model 
and the cross sections representing this portion of the Kambalda Dome (Fig. 4.17). 
The two fault segments used in this model are planar so have negligible affect on the 
deformation of the hangingwall as it is simply translated along them. However the 
change in dip of the fault plane where the deep structure joins the footwall shortcut 
causes a corresponding bend in the upper surface of the hangingwall. The cross 
section of the Deeps F thrust wedge (Fig. 4.17) shows a similar bend. The location of 
this bend in the hangingwall surface is dependent on the location of the bend in the 
fault. The location of this point relative to the hangingwall that is deformed above it 
is important in controlling the final geometry of the hangingwall. In the model 
proposed there are several factors which would control the locality at which this 
point formed, i. e. the tip line of the footwall shortcut. 
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deformed sub-vertical hangging-wall fault 
kink at tip 
line of 
footwall 
shortcut 
normal fault 
footwall 
shortcut 
Fig. 4.15 Result of a 3DMove forward model designed to replicate thrusts 
of the Kambalda Dome. Fault parallel flow algorithm produces more 
realistic result. Blue surface represents basalt-komatiite contact. 
4 
footwall 
shortcul 
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1 
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contact 
30* back 
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I. - 
Fig. 4.16 Shows fig. 4.12 after a 30" rotation representing structure being 
tilted during folding of the Kambalda Dome. Blue surface represents basalt- 
komatiite contact. 
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West Deeps IF East 
Wedge 
250m 
komatilte 
Orn 
Kambalda Loreto Dome 
basaft thrust Deeps F th rust 
--250m Loreto aplite kink region in 
basaft-komatHte fine d 500m contact cross pection 
Fig. 4.17 Cross section through NW of Kambalda Dome to show form of Lunnon 
Basalt-Kambalda Komatifte contact. Note kink in upper surface of Deeps F wedge, 
resulting from kink in early extensional fault (Fig. 4.13). 
Cross section after unpublished KNO report. 
The depth at which the fault changes from being sub-vertical to having a dip which 
may reactivate is crucial. However once this has been set the orientation of the 
principal compressive stress is also important. The more oblique this is to the fault 
the more likely a sub-vertical section is to reactivate, however the sense of 
displacement of the reactivation will tend towards a strike-slip sense rather than 
reverse sense of movement. 
A series of models were run altering the following variables: 
9 depth of kink in the fault. 
* angle of kink in the fault (by changing dip of shear portion of fault). 
* transport direction relative to the fault. 
Whilst all of these play some role in the development of the geometry presented in 
Fig. 4.17 none of them alter it fundamentally. Changes occur to the angle of the kink 
in the hangingwall which increases with the angle of the fault kink, and the closer the 
kink is to the surface (i. e. the shorter the length of the vertical fault segment). This 
angle is also increased as the compression becomes parallel with the fault. 
This modelling does not provide information about which of the scenarios is 
mechanically the most likely, as the software only models volumes. Several dozen 
runs of altering the available variables produced similar results hence it was decided 
that there was nothing further to be gained from this modelling. 
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4.4 Discussion 
The author has proposed that the large scale thrusts prevalent on the western 
side of the Kambalda Dome, e. g. the Loreto, Fisher and Deeps F structures formed as 
a result of reactivation of early extensional faults that generated footwall shortcuts 
emplacing wedges of basalt into the overlying komatiite section (Fig. 4.13). In 
contrast to this thick skinned model the presence of several large (regional) scale thin 
skinned thrusts in the Kambalda-Tramways area (e. g. Swager & Griffin 1990; Figs. 
2.6,2.13) means that it is necessary to consider the extent to which smaller scale 
thin-skin thrusting is present on the Kambalda Dome and how it may explain some 
of the structures developed on the Kambalda Dome. 
Thin-skin thrusts form aerially large detachments, known as flats (sole thrusts if they 
are the basal thrust of a system), on sub-horizontal horizons where resistance to 
sliding friction is low, for example bedding planes in relatively weak horizons such 
as shales. They may cut up section on ramps generally angled at approximately 30" 
before displacing along the next flat. (e. g. Boyer & Elliot 1982) In this study area the 
most likely horizon to form a thrust flat is the contact between the Lunnon Basalt and 
the Kambalda Komatiite. Other potential surfaces include bedding planes within the 
komatiite; particularly where interflow sediments are present. Similarly, any 
interflow sediment present within the Lunnon Basalt might also act as an easy slip 
horizon on which flats could form. The present author is unaware of any evidence 
suggesting that such sediment is found within the basalt although the possibility 
cannot be excluded. 
In order to verify the thick skin reactivation model presented in section 4.3 it is 
necessary to address the applicability of thin skinned deformation to the study 
sequence. Hence, a series of conceptual thin skin models were generated representing 
some of the thrust deformation possibilities. These models are presented in Fig. 4.18 
which also highlights some of the features that should be expected if thin skin 
thrusting was responsible for forming the thrust structures of the NW Kambalda 
Dome The models considered may be summarised as: 
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a) thin skin thrust soles out on Lunnon Basalt-Kambalda Komatfite contact; 
b) thin skin thrust ramps into komatiite and tips out; 
c) thin skin thrust ramps into komatiite then soles out on komatiite bedding 
plane or in interflow sediment. 
A) 
komalfte 
oasall 
Thrust soles out on basalt komatifte 
contact generating a typical flat topped 
hanging wall anticline. There is no 
kornatifte sequence enclosed between 
the basafts. 
komatilte 
, zr 
komatüte 2s, c-a 
asa 
komatiite 
komalfte 
.2 
basaft 
------- ------------------- 
Thrust ramp continues Into komatifte 
where it tips out leaving a basalt wedge 
emplaced Into the overlying komatiite. 
This leaves a wedge shaped komatUte 
so qu ence be ne ath the ove r thru st base It 
The th rust wedg a is of consta nt thickness 
along most of its length. 
Thrust ramp conlinues Inlo kornatifte then 
becomes a sole thrust again leaving a 
basalt wedge emplaced Into the overlying 
komatHte. Overthrust basalt becomes 
parallel to basalt komalifte contact again. 
Fig. 4.18. Illustrating some of the styles of thin skinned deformation that 
might be expected to develop during thin-skin deformation of the Kambalda 
sequence. For simplicity surface topography of the basalt-komatite 
contact has been left off this figure. 
In model a), a thin skin thrust exploiting the proposed Lunnon Basalt-Kambalda 
Komatiite interface as an easy slip surface would flatten out directly onto that contact 
and form a structure similar to that illustrated in Fig 4.18A. One of the key 
differences between this model and thrusts such as the Loreto and Deeps F, is that no 
komatiite would be enclosed between layers of repeated basalt stratigraphy. There 
would be an identifiable hangingwall anticline at the basalt-komatiite contact and 
repetition of basalt stratigraphy is likely. These features have not been recognised at 
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the basalt-komatiite contact, either by this or other authors; although it is possible 
that this is just a result of them not being identified. 
The remaining two options would both occur if the fault propagated through the 
basalt-komatiite contact as a thrust ramp; it may then either tip out in the komatiite 
(model b; Fig 4.18B) or form a sole thrust either within the komatiite or an interflow 
sediment horizon (model c; Fig 4.18C). Both of these cases will create the basalt- 
komatiite-basalt sequence that is characteristic of the Kambalda Dome. 
In the case of Fig 4.18B the typical wedge shape of the komatiite beneath the 
overthrust basalt would be seen. In the case of Fig 4.18C there would be a 
characteristic parallelism between the overthrust basalt on the thrust flat and the 
basalt-komatfite contact beneath. Together the two segments of this repeated basalt 
sequence would enclose a parallel sided body of komatiite. 
However there are also two key differences; firstly all of these models can only 
produce parallel sided wedges except in the specific region of the thrust ramp. 
Secondly the cut-off angle is unlikely to be more than 30*. These contrast strongly 
with the features seen at Kambalda where prominent features such as the Deeps F 
thrust have a clear wedge geometry and cut-off angle in excess of 30' (e. g. Fig. 
4.17). 
It is apparent that thrusts such as the Loreto and Deeps F transport basalt in their 
hangingwall and cut both the basalt-komatiite contact and, where identified, internal 
stratigraphy in the komatfite. Cut-off angles for these structures are sometimes in 
excess of 40'; and in the case of the Deeps F thrust (Fig. 4.17,4.19) 60*, 
significantly higher than would be expected from a classical thin-skin thrust system 
where ramp angles generally do not exceed a maximum of 30".. These thrust 
structures are seen to have a distinct wedge geometry indicating that the fault is not 
parallel or sub-parallel to bedding, but that it cuts across bedding planes. This 
implies that the structures seen represent either a thick-skin thrust or a ramp within a 
typical thin-skin thrust system. 
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There are significant wedge shaped thrust features on the NW of the Kambalda 
Dome which, assuming the model of early extension is correct, can be satisfactorily, 
and most simply, explained by thick skin reactivation of early extensional faults. 
This model can account for the unusually high cut-off angles and the particular 
wedge geometry of the overthrust basalt. Furthermore 3DMove modelling of this 
process also replicates more subtle features such as the kink in the Loreto thrust 
wedge (Fig. 4.17). The author is confident that this process has occurred during late 
compressive events on the Kambalda Dome and is responsible for structures such as 
the Loreto and Deeps F wedges. 
west east 
komatiite komatiite WT 
x"I", 
I 
Loreto Deeps F 
th ru st thrust 
wedge wedge 
basalt basalt 500 metres 
Fig. 4.19. Simplif ied cross section of Lunnon Basalt-Kambalda Komabite contact 
from regional drill data across north of the Kambalda Dome. Much of this 
contact has been developed, only regional drill data is indicated (pink lines). 
Note high cut-off angle of the Deeps F thrust wedge. Note also the lower cut- 
off angle of this portion of the Loreto thrust wedge, suggesting that the Loreto 
thrust here was sub-parallel to stratigraphy, acting more like a thin skin than 
a thick skin feature. 
no vertical exaggeration 
After unpublished KNO mapping 
However this does not mean that thin skin thrusting did not occur during deformation 
of the Kambalda Dome. There are similarities between the schematic structures of 
Fig. 4.18 and some of the features of the Kambalda Dome. Some cross sections show 
cut-off angles that are less than 30' and overthrust wedges where the geometries 
suggest that the thrust might have been on a flat rather than a ramp (Fig. 4.19). 
The question in this case relates to the need for these thrusts to be generated from 
inversion of early extensional features rather than from a purely thin skin system. It is 
stated above that the geometry of some of the wedges and the cut-off angles seen are 
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not compatible with a thin skin thrust model, where mechanics dictates that the fault 
is sub-horizontal, and even on ramps generally does not exceed 30". However in 
terms of their kinematics, they are thrust structures in both the thick skin and thin 
skin models. It is therefore necessary to examine the most plausible mechanical 
processes to determine which style of deformation is most likely. 
The thick skin model assumes that it is easier to reactivate a pre-existing fault surface 
than to form a new one. Thus deeper portions of the early griben faults which may 
have dips of 60* or 70* can become structures with reverse displacements. This is 
particularly true if, as is likely at Kambalda, the principle compressive stress is 
orientated at an oblique angle to the fault plane. The upper portion of these faults 
though have sub-vertical dips and will not reactivate unless the principle 
compressive stress is sub-parallel to them. At the kink in the fault a new fault will 
form (Fig. 4.14). Coward (1986) demonstrated that a large amount of energy is 
required to strain rocks into a hanging wall anticline above a convex upward kink in 
a fault. For this reason it is likely to be mechanically easier for the fault to continue 
propagating upward, cutting stratigraphy, at a relatively high angle than for it to sole 
out on a flat as in a thin skin system. Depending on local factors such as the stress 
regime and fluid pressures the new fault might propagate at the same angle as the 
deeper section of the original extensional fault, or at a slightly reduced angle, a 
mechanical compromise between the ease of deforming the hangingwall and the 
creation of a new fault. 
The situations described above, either a thick skin or classic thin-skin model are end 
members in the compressive deformation of the Kambalda sequence. Coward (1986) 
showed examples of thin-skinned thrusting in cover rocks resulting from thick 
skinned inversion of basement structures. A similar process could have occurred at 
Kambalda, with displacement taken up on several fault and shear zones within the 
komatiite when a fault propagated from the basalt. This could lead to rapid 
displacement gradient changes as displacement from a single fault in basalt is taken 
up on several structures of different orientation within the more ductile komatiite. It 
could also lead to variation in structure along strike, such that a footwall shortcut 
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thrust may be initiated at an angle to bedding but become sub-parallel to it along 
strike. 
As well as providing an explaining for the formation of the thrusts on the Kambalda 
Dome this model is significant as it provides a specific mechanism by which post- 
volcanic deformation of ore bodies might occur. This is important for two reasons. 
Firstly many of the ore bodies, particularly on the Kambalda Dome, have been 
affected by relatively local deformation after their formation. This deformation 
disrupts ore bodies and is also partially responsible for the remobilisation and 
redistribution of nickel sulphide ore (Cowden & Roberts 1990) and additionally for 
nickel tenor variation (nickel concentration in 100% sulphides) within ore bodies 
(Heath et al. 2001). Secondly these reactivation events will induce strains in the 
nickel sulphide ore, represented by pyrrhotite/pentlandite laminae that will be local 
to that area. Strain measurements based on this data have been used to infer 
conditions about the deformation of the entire Kambalda Dome (Archibald 1985) 
which may therefore be invalid. 
This model works well for the main thrusts of the Karnbalda Dome however this 
style of thrust structure has not been recorded elsewhere in the Karnbalda-Tramways 
corridor. Assuming the troughs throughout the Kambalda-Tramways corridor 
developed with the same sub-vertical upper fault connected to a proposed 60-70" 
dipping fault at some depth then they should all be capable of reactivating to produce 
the style of thrust seen on the NW of the Karnbalda Dome. Therefore it is perhaps 
surprising that the only examples of these thrusts are located on the Kambalda Dome. 
This might be interpreted as suggesting that the model is incorrect. However there 
are several possible explanations for this anomaly. 
4.4.1 Thrusts are present but not identifled elsewhere 
One explanation is that the thrusts are present in other places but have not 
been identified. There are significant portions of the basalt-komatiite contact in the 
Kambalda-Tramways corridor that have not been explored as extensively as the 
Kambalda Dome; primarily in the footwall of the Foster Thrust heading northwards 
towards the Kambalda. Dome. 
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Alternatively the forward models indicate that whilst the thrust geometry seen on the 
Kambalda Dome is apparent after a 30' back rotation, before this it is significantly 
different. Thus it might be that these features are present in areas where the basalt- 
komatiite contact has not been folded enough to generate a Dome-like structure but 
have not been recognised for what they are, for example in a relatively widely spaced 
drilling programme the abrupt change in depth might not be noticed, or could be 
interpreted differently; e. g. as volcanic topography or folds (Fig. 4.20). 
basaJt-komatiite 
con ta ct 
I ikel yi nte rp reta b on 
from green drillholes 
likely interpretation 
from blue drillholes 
Fig. 4.20 Illustration of potential for missing thrust structure depending on spacing 
of drilling. Indicating need to be aware of potential structures in the region. 
Finally it is possible that similar structures are developed elsewhere but to a lesser 
extent than on the NW flank of the Kambalda Dome. In this instance footwall 
shortcuts might not reach the basalt-komatnte contact, or may displace it only 
slightly. Again these structures are either unlikely to be recorded, or identified for 
what they are. 
Whilst these options are all possible the amount of exploration that has been carried 
out in the region suggests that mis-interpretation is unlikely to be the main cause of 
the anomaly. This implies that there is something specific to the Kambalda Dome 
that caused the formation of these structures. 
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4.4.2 Thrust development related specifically to the Kambalda Dome 
If the presence of these thrusts is specific to the Kambalda Dome it must 
result either from a difference in the geology prior to the formation of the dome, or to 
the process of forming the dome. 
The first case, that there was some difference in the geology of what is now the 
Karnbalda Dome in comparison with rest of the corridor, would presumably be 
related to the geometry of the graben bounding faults. If it were to be argued that the 
thrusts were only able to be formed in the region of the present day dome then it 
would be reasonable to assume that this was due to the combination of local stress 
field and the presence of the original extensional features. Thrusts, such as the Loreto 
and Deeps F structures require a footwall shortcut with respective displacements of 
approximately 750m and 500m. Assuming this displacement is constant along the 
length of the footwall shortcut, and that the shortcut dip is also constant then the 
depth of the kink, (i. e. the depth of the tensional portion of the fault) may be 
estimated (Table 4.3). 
footwall shortcut 
displacement (m) 
footwall shortcut dip depth of tensional portion 
of fault (m) 
500 (e. g. Deeps F) 30" 250 
500 (e. g. Deeps F) 40" 320 
750 (e. g. Loreto) 30* 370 
750 (e. g. Loreto) 40* 1 480 
Table 4.3 estimation of depth of fault kink for Loreto and Deeps F structures. 
Again in comparison with the Icelandic structures the lower values, 200-300m might 
be considered reasonable; whereas values of 400-500m might be considered 
unusually large. It could be that these structures represent major grAben bounding 
faults in the area, representative of a scale of trough that was not common in the area. 
If this scale of original structure is needed to enable the reactivation model to work 
then this style of thrust is going to be less common. 
The second option is that the formation of the Dome itself is significant in the 
formation of the thrusts. Throughout the Kambalda-Tramways corridor the Lunnon 
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Basalt-Kambalda Komatiite contact only reaches the surface at a few locations, with 
the exception of the Kambalda Dome these are all in the hangingwall of the major 
thrusts of the area. It is therefore apparent that the area of the Kambalda Dome has 
experienced greater shortening during the approximately E-W oriented compression 
(D3) than the majority of the Kambalda-Tramways corridor. This is responsible for 
the formation of the pericline that forms the Dome. This larger amount of shortening 
in this region, which formed the dome, might also have required some brittle 
shortening of the sequence, which was taken up by reactivation of the early 
structures, and formation of footwall shortcuts of the style discussed. It is possible 
that this additional shortening was required as the sequence had shortened by folding 
as much as it could, as the fold locked up continued shortening had to occur by 
brittle deformation. However in this scenario the original shear faults dipping at 60- 
70" might have been rotated on the fold limbs to a sub-vertical orientation. If this 
were the case they would not reactivate and any thrusting might be localised by other 
means, unrelated to the geometry of the grAben bounding faults being discussed here. 
4.4.3 Summary 
Assuming that the ore troughs were originally griiben bounding faults as 
described above, the model discussed appears to provide an attractive and reasonable 
method for forming the thrusts that dominate the northwest flank of the Kambalda 
Dome. It is initially strange that these structures are localised on the Kambalda Dome 
but there are feasible explanations for this, the author favours a combination of 
greater shortening in the region of the Kambalda Dome, possibly in conjunction with 
a more extensive development of the early structures. 
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4.5 Schematic forward modelling of the proposed model 
Examples of early normal structures that have experienced relatively little 
deformation, perhaps just rotation during folding, were presented in chapter three. 
These clearly demonstrate that some ore bodies are associated with syn-volcanic 
extension (Figs. 3.5,3.14,3.20,3.23,3.24,3.26,3.27,3.28,3.30). In addition to this 
it has been suggested in this chapter that the structures generated during the early 
extension event might be reactivated during subsequent compression to produce 
some of the characteristic thrust wedges seen on the Kambalda Dome (Figs. 4.13 - 
4.16). To further examine how ore body geometry might reflect the deformed 
equivalents of the proposed extensional structures a series of sketch deformation 
sequences were created. These start with extensional geometries expected from the 
proposed model, considered how they might deform, and compares them with the 
known geometries from Kambalda. The present author does not have any detailed 
data regarding specific ore body geometry, therefore the comparisons have to be 
made with features seen on the digitised cross sections. 
The simplest situation of a single fault reactivating to produce a wedge has been 
illustrated schematically in Fig. 4.11. Whilst this has been used to explain the larger 
thrust wedges such as the Loreto and Deeps F the model is also applicable to the 
smaller scale features (10's of metres) of the Kambalda, Dome frequently seen as 
minor features on the larger thrust wedges. 
Figure 4.21 Shows two extensional faults which could be one side of a graben or a 
half graben. Typically ore bodies, if present, would be expected within the channel 
flow facies komatiite. According to the model presented in this thesis this would be 
located in the hangingwall of these faults. During compression these faults could 
invert but at some stage a footwall shortcut might develop, leading to the 
development of a thrust wedge (Fig. 4.21B). 
It is envisaged that the initial stages of defonnation occurred by thrust shortening 
before folding started to form features such as the Karnbalda Dome. However faults 
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would still have been active during folding. As a result of folding faults would also 
have been rotated with respect to the principal compressive stress. This could also 
have happened due to back steepening of the larger thrust wedges. These rotations 
would mean that some faults would no longer be able to reactivate and would lock- 
up. Others would rotate into a favourable orientation and be able to move, and new 
faults would form to accommodate shortening where no existing structure was able 
to. Rotations of the principal stress field, such as in the transpressive deformation 
suggested by Swager & Griffin (1990) would have a similar effect. The combined 
effect of these processes is that faults can be reactivated or initiated at different 
stages in the deformation, which can lead to a variety of final structural geometries. 
Figure 4.21 C shows the initiation of a new footwall shortcut thrust when the first one 
is rotated to such an angle that movement on it is no longer possible. This is one 
method by which the forked geometry seen from the digitised section in Fig. 4.21D 
could be generated. Figure 4.22 illustrates a slightly different normal fault geometry. 
In this instance, the faults do not join with depth, possibly as they are more widely 
spaced. Reactivation in this case can lead to the development of an enclosed segment 
of komatiite in what looks superficially like a graben. However it is clear that one of 
the faults involved is a thrust. 
The examples of figures 4.21 and 4.22 both involve one or more faults dipping in the 
same direction. Implicit in the model of early extension is the presence of horst and 
grdben, which will juxtapose faults with opposing dip directions. Figure 4.23 gives 
some indication of how these might deform resulting in the inverted Christmas tree 
geometry that is seen in some places on the Kambalda Dome. Significantly in the 
case of the model presented in Fig 4.23 the central portion of this feature would not 
be expected to be ore bearing as it represents a palaeo-high, the fault ten-aces to 
either side might be ore bearing depending on exactly how the structure developed in 
relation to periods of volcanism. The original digitised section shows no ore within 
this structure however there are similar features on the Kambalda Dome that are ore 
bearing. Therefore the model presented in figure 4.23 should not be considered 
exclusive. 
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These models (Figs. 4.21 - 4.23) illustrate in two dimensions some of the general 
methods by which features of the proposed early extension model may respond to a 
simple compressive deformation. These models will all be complicated if they are 
taken into 3D and structures are allowed to change along strike. Variations in strike 
and dip, and hard and soft linking of the early structures will cause corresponding 
differences to the resultant compressive structures. The location of these faults with 
respect to folding will affect which particular sets of faults may be able to reactivate 
(depending on which limb of the Kambalda Dome they are) as will the original dip 
direction (east or west) of the faults. Added to this is any change in compressive 
stress orientation accompanying a progressive transpressive deformation (Swager & 
Griffin 1990) which could cause strike slip reactivation of some of the faults. This 
would be out of the plane of the sections presented in figures 4.21 - 4.23. 
Understanding the specific details of this deformation as it relates to individual ore 
bodies will require detailed data that this author does not have. Three dimensional 
models of the ore bodies, and specific sections of the Kambalda Dome, based upon 
the digital drill-hole database would significantly aid the development of the ideas 
proposed in this chapter. 
In conclusion whilst the compression structures could be produced without recourse 
to the reactivation model presented that model does provide a simple framework to 
the structural geology of the Kambalda region which, during later compression, may 
be exploited to develop some of the structures seen in figs 4.21 - 4.23. These 
structures, in conjunction with any later compressional features that are unrelated to 
the early extension event combine to give the Kambalda Dome its complex present 
day structural geometry. 
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komafifte 
vu 
w 550 485nb E 
lomalle 
basalt 
loom 
A) Early extensional structures 
formed by faults that shallow with 
depth. These define one side of a 
graben or half graben. 
B) During later compression the low 
angle segment of the normal fault 
inverts and a footwall shortcut (1) 
forms a thrust wedge. 
C) As compression continues the 
structure is rotated, either by folding 
forming the Kambalda Dome or 
maybe back rotaton on larger thrust 
wedges in the footwall. This 
increases the angle of dip of the Irst 
ibotwadl shortcut (1) such that it locks 
up and a new one (2) forms to 
accommodate conlinued shortening. 
D) Shows a portion of the Lunnon 
Basalt Kambalda Kornatilte contact 
from one of the cross sections 
digitised In this study. It shows a 
clear thrust wedge carrying two 
no rmal structures in its ha ng Ing wal 1. 
The forked tip of the wedge seen 
here could be produced in a similar 
way to that described above. 
Fig. 4.21 Schematic illustration of possible deformation history of a single fault 
Development of se uential footwall shortcuts generates a structure similar to one 
seen on the Kambalda Dome. 
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komatiite 
asa t 77 
enclosed 
korn atiite 
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potential for early 
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basalt enclosed 
komatiite 
basalt 
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loom 
A) Early extensional structures 
fornied by faults that shallow with 
depth but do notjoin. 
B) During later compression one or 
both of these faults may reactivate 
forming afootNall shortcut and thrust 
wedge. In this instance shortcut thrust 
2 almost encloses a region of 
komatiite, noN defined by a normal 
fault on one side and a thrust on the 
other. 
C) As compression continues the 
structure is rotated, for exa Tie by 
folding forrning the Kambalf=e, 
the footwall shortcuts lock up and 
movement on them ceases. However 
the original normal faults may entire 
an orientation where they can 
reactivate as reverse faults but with 
the previous footwalls now being the 
hangingwall. 
D) Shows a portion of the Lunnon 
Basalt Kambalda Komatite contact 
from one of the cross sections 
digitised in this study. It shows a 
similar enclosed komatilte feature 
as indicated In the above figures. 
The blue interflow sediments 
indicate the displacement of the 
thrust. 
Fig. 4.22 Further schematic illustration of possible deformation history of two normal 
faults leading to the formation of an almost enclosed graben-like region of komabite. 
Such features are commonly seen on the Kambalda Dome at a variety of scales 
ranging from metres to hundreds of metres. 
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tornable 
basalt A) Early extensional horst formed byjuxtaposed faults with opposing 
dip ch rections. Note ore would not 
be expected on the horst but might 
be expected on the te maces to either 
side 
B) As with the previous figures 
compression may reactivate faults 
kornatillis forming footwall shortcuts and 1hrust 
wedges with opposing vergence. basalt Again pods of kgmatiltai-agay 
become enclosed byiQountermin-tu-ij 
basalt 1hrusts. 
up-dip thrusts 
continue to slip 
downdp ttrusts 
cease to slip 
', ore not 
expected 
0 potential ore 
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C) As compression continues the structure is 
rotated and the ability forfaults to reactivate will 
change. Thrusts on the down-dip side will lock 
up however those on the up-dip side are 
becoming parallel to the principal compressive 
stress, hence will be more able to slip and 
accommodate shortening. Therefore they are 
likely to have higher displacements than those 
on the down-dip side. Reactivationof theearlier 
normal structures, or initiation of new faultsý may 
cut and displace some of lhesewedge segments 
further complicating the structure. 
D) Shows a portion of the Lunnon 
Basalt Kambalda Komatite contact 
located on the upper surface of the 
Loreto Thrust Wedge. This clearly 
shows opposed thrusts of the style 
derived from the schematic sections 
above. 
Fig. 4.23 Further schematic illustration of possible deformation history of opposed 
faults. Such features are commonly seen on the Kambalda Dome at a variety of 
scales ranging from metres to hundreds of metres. 
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4.6 Economic Implications of the Krafla analogy 
The analogy between the nickel sulphide ore troughs of Kxnbalda and the 
fissure and griffien structures of the Krafla Fissure Swarm has implications for the 
exploration and development of this style of nickel sulphide deposit. This is true for 
both the mine and regional greenfield exploration scale. It provides a predictive 
model that can be used as a framework for development and exploration and should 
enable a better understanding of the geology of the ore environment. 
4.6.1 Mine scale implications 
Whilst it has long been recogaised that ore bodies at both Kambalda and 
other similar deposits are linear in nature, the reason for this linearity has remained a 
moot point. Hence exploration drilling may take place along the trend of an existing 
ore body, possibly constrained within channel facies komatiites if they have been 
identified and delineated; but there is limited understanding of why the deposits may 
or may not be located within this region, or where within this region is the best place 
to look for them. The analogy with Krafla makes it possible to apply a greater 
knowledge of the initial controls on ore body location; and hence understand why ore 
bodies might not be found where expected directly along strike from known deposits, 
why different deposits in a relatively small area may have significantly different 
styles; and to enable a more directed approach to development and exploration 
drilling. 
There are several key features of the model proposed for Kambalda which are 
important to the exploration of nickel sulphide deposits at the mine scale, they are: 
1. Linear nature of the model. 
2. Range of deposit morphologies allowed for by the model. 
3. Relationship between ore bodies and pre-/syn-ore normal faulting. 
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The model describes normal structures, predominantly grAben and fissures, which 
develop in response to extension of the basalt during and between eruptive phases. It 
is known that nickel sulphide deposits form in channels of preferred flow where 
komatiite is flowing through surrounding komatiite which is freezing. The gr1ben 
provide an ideal environment both to channel initial komatiite flow over the basalt 
substrate and subsequently to aid continuous flow by conserving a column of molten 
rock, possibly with a solid insulating crust on top, allowing flow to continue in lava 
tubes. nickel sulphide ores settle gravitationally, and so will tend to find the lower 
parts of the region they are in. 
The model proposes an environment in which the mineralisation occurred. Ore 
bodies are localised by and within extensional structures comparable in scale and 
geometry to those at Krafla. Graben of a few metres width may contain an ore bodies 
covering their entire base or graben may be hundreds of metres wide containing 
several ore bodies located in irregularities (nested graben, fissures) in the main 
graben floor. The structures may have simple or complex relationships with each 
other, as in the Iceland example (Angelier et al. 1997). The model therefore allows a 
wide variety of different ore-body styles. 
If it is assumed that this model is correct it provides a number of extra criteria to be 
added to the underground exploration strategy. These are principally structural but it 
is obviously important that they are used in conjunction with the other geological 
observations made during underground operations to build a complete picture of the 
ore environment. 
Although polyphase deformation subsequent to mineralisation at Kambalda 
complicates the process of visualising the ore-bodies in their pre-deformation state 
the proposed model can be applied to the form and distribution of Karnbalda ore- 
bodies. For simplicity however I shall consider scenarios with relatively little post- 
ore deformation. 
Generally nickel sulphide ore at Kambalda is mined from small stopes by a single 
miner with an airleg drill. Ore shoots are followed until they end, frequently ore 
179 
Chapter Four 
bodies will taper out gradually along strike. It is usually clear when a shoot has been 
faulted away by a later structure as the termination is sharp and the thickness change 
more rapid. However when the mineralisation dies out naturally it becomes more 
problematic to decide which way, if any, to direct the stope. A greater understanding 
of the initial geometry of the deposit would enable the mine geologist to make a 
more valued judgement about whether to continue drilling and if so in which 
direction. 
For example an ore shoot is mined to the end where it gradually tapers out; it is 
identified as being formed within a small graben or half graben structure and the 
bounding fault/faults can be mapped and the approximate displacement recorded. A 
displacement profile of this fault could then be drawn up with which it may be 
possible to estimate the distance and direction to any adjacent en 6chelon structure 
and potential mineralisation. 
In the case of ore bodies found on the floors of large scale grAben, as suggested for 
those of Otter-Juan by Marston & Kay (1980), deposit location may have been 
influenced by local features no longer discernible after polyphase deformation. In 
this instance detailed observation of the immediate ore environment might not be as 
useful. However it is the large scale graben structure which are providing a locus for 
mineralisation and as such its form and orientation are important. It is possible that 
the main graben boundary faults may be poorly known, especially if there is no ore 
directly associated with them. This could cause errors in delineating areas of 
potential mineralisation, as a result of not knowing the correct angle of strike of the 
trough, not realising when it was tipping out, or where the displacement might have 
been transferred to. 
To illustrate this type of problem consider a series of en dchelon ore pods distributed 
across the floor of a graben, Fig. 4.24. If these were discovered without knowledge of 
the surrounding graben structure they might be interpreted as an originally 
continuous ore shoot dissected by subsequent deformation. This interpretation would 
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JA 
Graben bounding 
faults define trend A 
en dchelon ore pods 
define trend B 
Fig. 4.24 Example of possible relationship between nickel sulphide 
ore and graben containing it. See text for discussion. 
result in exploration along a trend significantly different from that of the original 
graben and any other mineralisation it may contain. Fig. 4.21 demonstrates this point, 
highlighting the importance of understanding how ore shoots relate to the original 
extensional structures that control their location. 
The individual ore shoots I to 5 are spaced in an en 6chelon manner across the floor 
of a larger graben, (Fig. 4.24). The two dominant trends in this situation are A, the 
graben bounding faults, and B, the trend of the envelope enclosing the ore shoots. If 
ore shoots I to 5 had been discovered, but the presence and or significance of the 
graben bounding structure had not been realised then exploration would be 
concentrated along trend B; and would not be successful at finding any further ore 
bodies related to those shown. If on the other hand the form and orientation of the 
graben had been recognised then exploration would continue along trend A 
increasing the chance of intersecting further mineralisation. 
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At this point it is worth considering the scale at which exploration is being 
undertaken. If only ore bodies 1,2 and 3 had been discovered then exploration along 
trend B would be worthwhile in that deposits 4 and 5 would be found. It would also 
mean that the other half of the graben might be found allowing better delineation of 
the zone of potential mineralisation. 
In the case of Fig. 4.24 it is probably unlikely that there would be much confusion as 
to the distribution of mineralisation as, especially if it had suffered little deformation, 
the graben would be relatively clear, stratigraphic indicators such as the presence of 
interflow sediments would indicate that drilling along trend B beyond shoots I and 5 
was unlikely to be successful. However if deposits I to 5 were situated in the centre 
of a graben structure it is more likely that this would not be recognised, Fig. 4.24. 
Channel facies komatiites would extend along trend B and the relationship between 
the individual ore shoots and the larger graben structure might not be realised. 
So far this discussion has assumed that it is possible to distinguish the early faults 
from those formed during the later deformation phases. As early faults have not 
generally been recognised at Kambalda they may have been completely re-worked 
during later deformation. If this model is to be validated by future work and used as 
an exploration tool then it is vital that early normal structures are identified. 
4.6.2 Regional scale Implications 
Regionally the main aim for exploration would be the identification and 
delineation of large scale early graben that could focus the flow of komatfite lavas, 
again by analogy with Krafla these structures may be up to several kilometres in 
width. Structural geological indications of these are unlikely to be found from basic 
fieldwork. As mapping in Kambalda shows outcrop structures are dominated by the 
later compressive events. 
More likely indications would come from geophysical and stratigraphic work from 
initial drilling. However by the drilling stage of an exploration program there are 
likely to be indicators of nickel sulphide mineralisation from other techniques, e. g. 
182 
Chapter Four 
geochemical sampling. The author considers it unlikely that a basic structural project 
would be the main indicator of a new deposit. 
Once a region of potential mineralisation has been identified, it would be vital to 
keep in mind the key aspects of this model in terms of the scale, orientation and style 
of structures that could have influenced sites of mineralisation. For example it would 
be useful to try and delineate the margins of the early confining structure and place 
early drilling data within the context of this model to try and determine the broad 
morphology of the main graben. 
On the basis of the presently exposed Kambalda-Tramways corridor the best 
structural indication of large scale troughs might be the previously described footwall 
shortcut thrusts. The embayments (e. g. Loreto and Fisher Troughs) formed in the 
basalt-komatiite contact of the Kambalda Dome are clearly recognisable features 
distinct from anything else in the region. They may specifically indicate original 
graben with larger than average size, and hence may also be related to locally greater 
extension. Based on the Iceland data of Angelier et aL (1997) the larger extensional 
structures are likely to have a deeper transition from sub-vertical to lower angle dips. 
Consequently reactivation of these faults in the manner described above will occur 
by a footwall shortcut originating at greater depth, and therefore will produce a larger 
thrust wedge. The occurrence of larger graben and more extension might increase the 
potential for hosting nickel sulphide mineralisation, as these areas would have 
channelled more of the komatiite lava than smaller structures. 
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4.7 Conclusions 
1. A new model has been proposed explaining the formation of the thrusts on 
the northwest flank of the Kambalda Dome. 
2. The model suggests they are footwall shortcuts originating from a kink in the 
original bounding faults of the early extensional graben. 
3. This kink is formed by the junction between the sub-vertical (tensional) fault 
segment, and the deeper 60-75" dipping portion of the fault that forms by 
shear failure. 
4. Forward modelling using 3DMove has been used to test this theory. Results 
from this work compare favourably with observed structures; validating the 
model. 
5. Rotation of pre-existing fault planes during formation of the Kambalda Dome 
enabled them to reactivate, at different times and with different transport 
directions. This process leads to the apparently complex structures of the 
Kambalda Dome. 
6. The apparent localisation of these thrust structures in this area of the 
Kambalda, Dome is noted. A range of possibilities for this localisation, are 
discussed. 
7. The author believes the most likely explanation is due to a greater amount of 
shortening in the Kambalda Dome region than elsewhere, possibly in 
conjunction with more extensively developed early structures. 
8. This model has important implications for the strain history represented by 
pyrrhotite/pentlandite laminae in individual ore bodies, and for the post- 
volcanic remobilisation of ore. 
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9. Some of the applications of this model to the exploration and development of 
nickel sulphide have been considered. 
185 
Chapter Five 
Chapter Five 
186 
Chapter Five 
5.1 Introduction 
This chapter describes modelling of the regional structures of the broader 
field area from the Kambalda Dome in the north to the Democrat-Republican thrust 
structure in the south (Fig. 5.1). The main geological issues to be addressed and the 
data available are discussed and the modelling is described. The chapter concludes 
by presenting the results and draws some conclusions about the regional evolution 
based upon this modelling. 
5.2 Aims of modelling 
Although the regional tectonics of the early Yilgam Craton are still discussed 
there is a broad consensus regarding the local tectonic history of the study area; as 
was described and discussed in chapter two. As a result of this discussion and the 
work of the author both in the field area and with subsequent computer modelling 
there are several points that were considered both contentious and suitable for 
modelling with 3DMove. These include: 
9 Various aspects of the early compressive deformation event/events. 
* Significance and longevity of the Boulder-Lefroy Fault. 
e The nature of the Kambalda Dome, specifically to try and determine whether 
it is a buckle fold or a fault related fold. 
5.2.1 Early compressive deformation 
There is no doubt that a significant amount of shortening occurred throughout 
the area in the early deformation history. Indeed until the identification of the trough 
structures as syn-volcanic extensional structures (Brown et al. 1999a, enclosure) the 
compressive features were regarded as representing the earliest deformation event. 
The most striking of the compressive structures are the three main thrusts introduced 
in section 2.4. The Foster, Tramways and Democrat-Republican structures are large 
187 
Chapter Five 
Boulder-Lefroy 
Fault 
I- 
Boulder-Lefroy 
Fault 
syncline indicated by 
younging in junction & 
condensor dolerites 
Tramways 
fold -thrust 
Noilh 
t 
lOkm 
Kambalda 
Dome 
Boulder-Lefroy 
Fault 
Geological 
contact 
thrust 
fault 
younging 
first fold phase 
second fold phase 
Lithologcal colours as in 
stratigraphic column 
Fig. 2.2. 
Fo ste r 
Thrust 
Fig. 5.1 Geology map of Karnbalda- 
Tramways-Democrat region. 
From KNO mapping data. 
Lithological colours as per stratigraphic 
column Fig. 2.2 
Democrat-Republican 
Bluebush thrust 
scale features considered to be the result of an approximately north-south 
compression which imbricated the stratigraphy; these thrusts are also associated with 
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recumbent folding. This north-south thrust transport direction was first proposed by 
Archibald (1985) and has remained the accepted standard. It was modified somewhat 
by Swager & Griffin (1990) who suggested that the three thrusts were not individual 
structures but, in conjunction with the Feysville Fault to the north of the Kambalda 
Dome (and outside the current field area) formed a mega-duplex with a length of 
some 75kni (Fig. 5.2). They point out that there is no direct indication of transport 
direction, but consider the three faults described above to be frontal ramps, hence 
transport was northward. Regardless of whether these thrusts formed individually or 
as part of a duplex they have subsequently folded in an approximately east-west 
compressive deformation. In the model of Archibald (1985) this is the third phase of 
deformation, also responsible for the formation of the Kambalda Dome. Swager & 
Griffin (1990) suggest a transpressive sequence of deformation with compression 
oriented between NE-SW and east-west. This forms the NW-SE trending folds of the 
area, including the Kambalda Dome, as well as the major strike slip structures such 
as the Boulder-Lefroy Fault. Veamcombe (1987) observed that the structures of the 
Kambalda-Tramways Corridor are unique, bound by the Boulder-Lefroy Fault on the 
east and Yilmia dislocation on the west. He therefore suggested that the Boulder- 
Lefroy fault might be a lateral ramp to the early thrust deformation. There is no 
apparent evidence for analogous compressive faults in the (poorly exposed) Parker 
Terrane to the east of the Boulder-Lefroy Fault. 
N Kambalda Foster Tramways Democrat/ 
Dome Thrust Thrust Republican 
Thrust 
Fig. 5.2 Cross section through mega-duplex proposed by Swager & Griffin (1990). 
Figure 5.1 clearly shows that a significant proportion of the outcrop trace of the 
Foster and Democrat-Republican faults has the same NW-SE trend as the rest of the 
structures in the region. This is in contrast to the approximately east-west trend that 
would be expected if they were the result of a north-south compression. 
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The interpretation of these structures is greatly restricted by the poor outcrop and an 
almost complete lack of diamond drill data, and hence kinematic indicators, from the 
fault planes. Although Nguyen (1995) reported SC fabrics from the Foster Thrust 
which support a northward transport direction the core was not oriented no 
significance can be attached to this data. 
This situation is ftulher complicated because the thrusts have been folded. The thrust 
flats generally occur along the basalt-komatiite contact; the mechanical contrast 
between these lithologies would aid flexural slip during folding as much as slip due 
to thrusting. Therefore any kinematic indicators present may represent later folding, 
and not early thrusting. 
More importantly for the current study though folding will also affect the surface 
trace of the faults. It is not clear from any of the published work suggesting 
northward transport direction what degree of the shape of the present day fault trace 
is the result of folding and how much reflects the original geometry of the faults. 
Mapping of the thrust ramps would give a good indication of transport direction 
however there is insufficient data to do this. With a significant amount of the thrust 
fault trace oriented NW-SE it is tempting to suggest that the compression direction 
was approximately east-west, with transport towards the east; rather than north. This 
interpretation has the benefit that a 90* change in the regional compression direction 
is no longer required after the first deformation event, hence simplifying the tectonic 
history. 
Other hypotheses established, both by other workers and in the early stages of this 
project, that relate to this early phase of deformation and are suitable for study using 
3DMove include: 
* Do the thrusts fonn part of a duplex or are they individual faults (Swager & 
Griffin (1990)? 
* What is their transport direction? 
a Are they thin or thick skin features? 
9 How do the thrusts relate to the folds? 
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5.3 Modelling the Kambalda Dome 
5.3.1 Introduction 
It has been proposed (Brown 1995) that the Kambalda Dome might be a fold 
formed as a result of movement on a fault, (section 2.6) rather than as a classic 
buckle fold. This fault might be either the Boulder-Lefroy, forming the fold during 
east-west compression, or another, as yet unidentified structure, beneath the 
Kambalda Dome. By analogy with the Tramways area this other structure might be 
east-west trending and formed the dome during the proposed north-south 
compression event. In this case the fault may also form another horse in the mega- 
duplex of Swager & Griffin (1990). 3DMove modelling was designed to examine 
what sort of fault geometry would be required to generate the Kambalda Dome so 
that a judgement may be made about how likely this origin is. 
53.2 Building the Kambalcla Dome model 
The basis of the data used to build the Kambalda Dome model is a series of 
approximately 120 digitised cross sections (Figs. 5.3a & b). These sections are based 
on regional and mine scale cross sections previously interpreted by geologists at 
KNO from borehole data, and digitised by the author during the first field season. 
The drill hole data comprises both surface exploration and underground development 
drilling. Across the Kambalda Dome the drilling density is relatively high, with 
maximum spacings in the order of hundreds of metres over the entire prospective 
contact; thus providing a large amount of data. Combined with a knowledge of 
underground workings there is in many cases little possibility for error in 
interpretation. However in other places on the Kambalda Dome the relationship 
between the intersection of a contact in adjacent boreholes is ambiguous and 
interpretation is governed by the experience and prejudice of the geologist 
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Fig. 5.3 A Map of Lunnon Basalt outcrop delineating the 
Kambalda Dome superimposed on cross sections constructed 
by KNO geologists and digitised by the author. These were 
then used to build the 3DMove model of the Kambalda Dome. 
felsic fault I- - 
-surface 
diamond 
drill hole 
top Lunnon 
Basalt (yellow) 
interflow 
sediment 
(blue) 
Fig. 5.3 B Digitised east-west cross section from the Kambalda 
Dome representative of the type used to create the Kambalda 
Dome model. 
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concerned. Fig. 5.4 illustrates a situation which may occur at Karnbalda in relation to 
trough geometries and the range of different possibilities which may be drawn with 
equal justification. Similarly errors may also result due to the bias introduced by only 
interpreting cross sections in specific orientations, in most cases at Kambalda cross 
sections are drawn east-west, sometimes north-south, thus constraining the geologists 
ability to fully appreciate the three dimensional geometry of the structures under 
consideration (Fig. 5.5). 
Some of the cross sections were re-interpreted by the author as they were being 
digitised. In the majority of cases this was simply modifying some of the more 
extreme structures that had been interpreted. At the time the sections were digitised 
the author was unaware of 3DMove software. The sections were digitised with the 
aim of being used to construct a detailed but static 3D model; hence the level of 
detail digitised was far greater than required by the 3DMove modelling described 
here. This led to some difficulties in the early stages of this work. 
The digitised cross sections were imported into 3DMove creating a file with all the 
sections in their correct geographic space (Figs. 5.6,5.7). These sections then had to 
be joined into surfaces. This process frequently requires a degree of interpretation as 
the software does not automatically recognise features such as folds and faults in the 
cross sections. Lines are joined by linking points of equal percentage distance along 
their lengths. The problems this can cause are illustrated in Fig. 5.8. It is necessary to 
subselect sections of each line, for example individual fold limbs, to force the cross 
sections to be joined accurately. This process is a potential source of interpretation 
error if, for example, it is not clear if a fault on successive sections should be joined 
as part of the same structure or if they are separate en 6chelon features. This becomes 
important if the structures being constructed are going to play a significant role in 
any restoration; for example unfolding directions for folds and transport directions 
for fault hangingwalls will change as the strike of the structure alters. 
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A\2-ýv b, 
Fig. 5.4 Illustration of different interpretations of ore trough 
geometry based on the same borehole data. A and B indicate 
compressive features; thrust and fold-thrust respectively). C may 
be interpreted as either pre or post ore-formation topography 
dependent on other features. 
sectonA 
secton B 
Fig. 5.5a Effect of cross section orientation on apparent dip of 
structures. E-W orientated cross sections will only show the true 
dip of N-S striking structures. Other features will have apparent 
dips lower than their true dip. 
s secton 3 
section 2 
e( 
section I 
Fig. 5.5b Potential for error when interpreting 2D sections without 
accurate information of 3D geometry. 
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A Map view of 
sections, note lack 
of data in centre of 
Kambalda Dome 
where the 
basalt-komatiite 
contact has been 
eroded. 
B Detailed view 
of NW of Kambalcla 
Dome, in the region 
of the Loreto Thrust. 
Fig. 5.6 a, b Series of views showing some of the digitised 2D cross sections in 
3D space prior to constructing Kambalda Dome model. 
KEY 
yellow basalt / komatiite contact 
red ore / fault zones 
blue sediment layers 
pink diamond drillholes 
brown surface 
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C Perspective 
view from SE to NW 
along Kambalda 
Dome axis. 
D NVV looking 
viewof 
basalt/komatiite 
contact only. 
Fig. 5.7 c, d. Series of views showing some of the digitised 2D cross sections in 3D 
space prior to constructing Kambalda Dome model. 
KEY 
yellow basalt / komatiite contact 
red ore / fault zones 
blue sediment layers 
pink diamond drillholes 
brown surface 
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A 
C 
B 
D 
Fig. 5.8 Series of diagrams ilustrating the process of constructing an accurate 3D 
surface from the 2D cross sections. 
A View of two cross sections showing graben on left hand side. 
B Surface resulting from joining cross sections at once. Error due to software joining 
points of equal percentage distance along each cross section, rather than 
following structural trends. 
C User selects specific segments of the sections to be joined creating geologically 
realistic surfaces. 
D Completed portion of surface showing the structure expected from the cross 
sections. 
Constructing small segments of the horizon in this way results in a complex model 
containing hundreds of discrete surfaces frequently with gaps between them (Fig. 
5.9). These units may be used as templates to construct a single surface which, in the 
case of the basalt-komatiite contact of the Kambalda Dome may include over 
100,000 triangles. This has to be simplified so that the model is manageable from a 
computing perspective, i. e. restoration algorithms can be completed in a reasonable 
time. This is achieved by resampling the surface (Fig. 5.10) as described in section 
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4.2.5 until a suitable compromise between model size (in Mb) and required surface 
detail is obtained. 
Fig. 5.9 North looking view of the basalt-komatiite contact in the Fisher 
Trough on the western flank of the Kambalda Dome. The large number of 
discrete surfaces needed to build an accurate model is shown primarily by 
the range of triangle densities, as well as some gaps and overlaps between 
surfaces. Whilst this provides a model which is faithful to the original data 
it is far too detailed for modelling on the scale of the Kambalda Dome. 
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A 
B 
C 
Fig. 5.10 North looking view showing the basalt-komatiite contact in the 
Fisher Trough on the western flank of the Kambalda Dome. The view is 
approximately the same as that of Fig. 5.7. Red cross sections show the 
original data used to construct the model. 
5.10 A shows a reasonable grid density for illustrating the gross structure 
of the trough but there are still more triangles than necessary to represent 
the less complex areas. 
5.10 B&C have been half sampled once and twice respectively. The larger 
triangles can only approximate the trough structure however the overall 
geometry of the dome is maintained. 
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The final stage of building the Kambalda Dome model involved in-filling some of 
the gaps where no data was available. As the drilled area is relatively restricted in 
terms of its areal extent and depth the geology is unknown in areas that may be 
significant for the modelling. The crest of the Karnbalda Dome has been eroded and 
needed replacing, and several areas needed extending to greater depth. This is done 
by extending the edges of existing surfaces in directions and orientations which are 
geologically reasonable, based on what is known of the surrounding geology. Again 
this may introduce effors, particularly when projecting structures to depth. It is 
essential to balance the need to fill in these gaps with the risk of making an error that 
could impact on modelling results (Fig. 5.11). 
The limitations of the model imposed by the original data, and the nature of its 
construction have implications for the way it is modelled and the results are 
interpreted. It is possible that these could cause a correct model to fail, or make a 
model appear correct when it is in fact wrong. The latter may occur due to the 
geologists preconceptions as to how the structure developed. If the data available 
does not constrain the model well and the geologist has flexibility in terms of the 
surface and fault geometries this can lead to a model which can be restored but which 
is not correct. There is significant ambiguity in terms of the modelling of the 
Kambalda Dome in that it is being modelled as a fault bend fold structure when there 
is no knowledge of the geometry of the fault concerned. In this instance it is 
theoretically possible to construct a fault that would restore the Kambalda Dome 
perfectly, with whatever transport direction was desired. It is therefore important to 
keep in mind the geological feasibility of the model as it is being constructed and 
worked with. It is also necessary to test a range of hypotheses so that more and less 
likely options can be evaluated. 
Affects associated with the construction method are less significant. In this case they 
include the potential effor in the amount of the eroded portion of the Kambalda 
Dome that was reconstructed, and the method of that construction involving the 
projection of linear surfaces which appear unnatural in the final model and the 
restored surfaces (Fig. 5.11). 
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Fig. 5.11 Parallel map view of Kambalda Dome model and 
ore bodies highlighted in red. Lines of digitised cross sections 
used to build model are shown in blue. Central portion within 
lines of section represents the eroded portion of the Lunnon 
basalt-Kambalda Komatiite contact. Angular contacts between 
more planar sectios are indicative of constructed portions of 
the model. 
The completed Kambalda Dome model is illustrated in Fig. 5.12. Due to the 
complexity of some of the structures of the Dome, and the problems associated with 
the overturned thrust surfaces the model was simplified, reducing it to a Dome 
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Fig. 5.12a Map view of 
Kambalcla Dome model with 
approximate positions and 
trends of ore troughs marked. 
This model was used as the 
basis for all subsequent models 
of the Kambalcla Dome. 
Fig. 5.12b North loooking 
perspective view of Kambalda 
Dome model with approximate 
positions and trends of ore 
troughs marked. This model 
was used as the basis for all 
subsequent models of the 
Kambalda Dome. 
Fig. 5.12c SW lookinl 
perspective view of Kambald, 
Dome model with approximat( 
positions and trends of or( 
troughs marked. This model wa: 
used as the basis for al 
subsequent models of th( 
Kambalda Dome. 
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analogue geometry. This model preserves the overall geometry of the basalt- 
komatfite contact but it does not accurately replicate the minor structures of the 
Kambalda Dome. There is some indication of the Loreto and Fisher thrusts but the 
other thrusts of the northern flank are absent, as are the ore bearing troughs. As this 
model was intended solely for use in testing the overall formation of the Dome fold 
structure, rather than specific features of that fold, it was felt that these 
simplifications offered a compromise between a model simple (and hence small in 
terms of Mb) enough to work with but accurate enough to provide worthwhile 
results. The model extends to a depth of approximately 700m below the datum level, 
comparable to some of the deepest known geology of the Kambalda Dome. 
It has been suggested that the Kambalda Dome might be a fault-bend-fold above the 
Boulder-Lefroy Fault (Brown 1995). It was decided to test this proposal using the 
model of the Dome and a variety of hypothetical surfaces to represent the Boulder 
Lcfroy Fault. 
Use of the inclined shear algorithm in 3DMove has been discussed in section 4.2.2. It 
was decided to attempt to use the algorithm to construct the fault surface required to 
restore the model according to specified transport directions and shear angles. 
Several different attempts were made but none produced satisfactory results so a 
different approach was taken; using hypothetical fault surfaces for restoration and 
forward modelling. 
The author has suggested (Brown et al. 1999a, b; enclosures) that the Boulder-Lefroy 
Fault was an early basin bounding extensional fault; other workers have attributed it 
to late stage strike slip or transpressive deformation (Archibald 1985, Swager & 
Griffin 1990). Two main types of fault geometry were to be tested with regard to the 
evolution of the Kambalda Dome above the Boulder-Lefroy Fault. Firstly that it is a 
thin-skinned structure with a concave upward geometry flattening out at depth or 
secondly that it is a thick-skin feature, convex upward and steepening with depth. 
There is no drillhole or outcrop data from the Boulder-Lefroy Fault in the vicinity of 
the Kambalda Dome. Its outcrop trace is apparent on aeromagnetic data (Fig. 5.13) 
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and this was used to provide a surface location for the purposes of model building. A 
significant issue with this method is that it is imprecise, particularly when trying to 
build a surface to represent a fault which in reality is more likely to be a zone up to 
several kilometres in width. The aeromagnetic data was in the same coordinate 
system as the Kambalda Dome model so the two elements could be located 
accurately relative to each other. The only available information relating to the 
geometry of the Boulder-Lefroy Fault at depth is from the regional seismic line of 
Drummond et al. (1993) shot approximately 100km north of Kambalda (Fig. 5.14). 
This indicates that the base of the greenstones has a variable topography with depths 
between 4 and lOkm (Wilde et al. 1996, Swager et al. 1997). This contact also 
appears to be a d6collement surface onto which many of the faults and shear zones in 
the greenstones sole out. It is reasonable to assume that this is also the case for the 
Boulder-Lefroy Fault however due to the location of the seismic line the exact depth 
of the greenstones in this region is unknown. 
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Fig. 5.13 Portion of aeromagnetic image of Kambalda 
Dome area. Basalt-komatiite contact deliniating 
Kambalda Dome and trend of the Boulder-Lefroy Fault 
are highlighted in white. 
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data data obtained 
source 
Scale Coverage accuracy lithology stratigraphy structural info 
aeromagnetic some 
primary 
structural Regional Complete high discriminatio no trends survey n possible highlighted 
surface & maximu variable, reasonable, Yes, from 
enables 
discrimination 
underground ni 700m very good to holes yes logs of features but drilling depth sparse surveyed no kinematics 
complete but 
Field mapping Regional not niuch to variable normally sometimes poor 
see 
localto generally 
published data regional specific unknown yes yes sometimes areas I I I I 
Table 5.1. Summary of data sources available for modelling work. 
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Fig. 5.14 A, Sketch interpretation of regional seismic section shot 
approximately 1 OOkm north of Kambalda. After Goleby et al. 1993. 
B& C) Show sketch interpretation and seismic data for the portion of 
the section throught the Kalgoorlie Terrane of the Eastern Goldfields. 
from Goleby et a/. 1993. 
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5.3.3 Thin skinned fault modelling-Series I 
Several hypothetical faults with varying initial angles and detachment depths 
were created using the trace obtained from the aeromagnetic data (Fig. 5.13) as a 
template. 
Using the fault parallel flow algorithm (section 4.2.2) with slip of 3,000 metres and 
no shear a range of transport directions were tested, to see how effectively the 
Karnbalda Dome surface was restored. It was assumed that the basalt-komatiite 
contact under consideration was initially planar and within a few degrees of 
horizontal since the lava would not have supported a greater angle of rest; 
additionally Cas et aL (1999) consider that at the time of deposition of the Kambalda 
komatfites general sea floor slopes were in the range of 0-2". The ideal result of this 
modelling would therefore be to restore the Kambalda Dome surface to an 
approximately planar one. 
After the displacement had been applied the Kambalda Dome surface was colour 
mapped by depth to highlight its topography and the topographic range (highest to 
lowest points) of the surface, giving an indication of how much it had been flattened. 
Initial results with a detachment at a depth of 61an showed the western limb of the 
Kambalda Dome to have been flattened to a certain extent, but the eastern limb was 
still present with a dip of 40* to 50*. Transport directions of 1800,2100,2400,27009 
300", and 3300 were used (SIA i-vi, table 5.2); covering a range from almost pure 
sinistral strike-slip to pure dextral strike-slip. The results all showed similar features 
with the exception of the two end members which did not deform significantly-, in 
these cases the structure was simply translated along the fault plane due to the almost 
cylindrical nature of the Boulder-Lefroy Fault in the model. 
Unsurprisingly the model which produced one of the best results, with a noticeably 
flattened western half to the Kambalda Dome was that with the transport towards 
240*; normal extension on the fault. However this is still not an adequate restoration 
as the eastern limb retains a dip of 40-50". The depth of detachment was reduced by 
2km to 4krn and a model (SIB i) was run again with slip of 3,000m to 240" (Fig. 
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5.15). This produced a less satisfactory result than that with the deep detachment, 
continuing the transport to a total of 5,000m (SIC i) (Fig. 5.16) increased the 
development of the eastern limb. 
The tip of the hypothetical fault had a slight convex geometry resulting from the 
model building process, it was felt this might be adversely affecting the restoration. 
This was removed maintaining the general concave upward shape, and a series of 
forward models (SID) were run with an initially planar horizon as shown in Fig. 
5.17. Using the fault parallel flow algorithm this had a slip of 4,000m applied (SID 
i) (Fig. 5.18). This model was also run with vertical (SID ii) (Fig. 5.19), synthetic 
(SID iv) and antithetic inclined shear (SID iii) (Fig. 5.20) none of which were 
successful. The affect of an initially dipping horizon was also investigated by 
forward modelling a surface dipping at 5" and 10' towards the fault (SIE & SIF); 
again the impact of this on the results was insigniflcant. 
Wbilst the series I suite of models (Table 5.2) is simplistic it clearly shows, as is 
predictable from theory (Dula 1991), that a simple concave upward fault geometry 
cannot produce a fold such as the Karnbalda Dome. The eastern fold limb dip 
remains or in some cases is amplified in the form of a rollover fold developed above 
the modelled fault structure. If the Kambalda Dome is the result of east/north-east 
transporting thin-skin tectonics it requires a markedly different fault geometry, e. g. a 
sequence of flats and ramps which would introduce the required convex upward bend 
in the fault. 
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Fig. 5.15 S113 i Result of restoration using hypothetical Boulder- 
Lefroy Fault. Fault Parallel Flow algorithm using fault-3 after it was 
raised 2 km from models SlA i-vi. Transport of 3,000 m to 2400. 
Fig. 5.16 S1C i Result of restoration using hypothetical Boulder- 
Lefroy Fault. Fault Parallel Flow algorithm using fault-3 after it was 
raised 2 km from models SlA i-vi. Transport of 5,000 m to 240'. 
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Fig. 5.17 S1 D North looking view of starting conditions for series 
1D forward models. using fault-5 with convex bend removed from 
fault tip. 
Red horizon - hypothetical concave upward Boulder-Lefroy Fault 
Fig. 5.18 S1Di Result of forward model using fault parallel flow 
algorithm. Slip of 4,000 metres to 060". 
Red horizon - hypothetical concave upward Boulder-Lefroy Fault Green horizon - forward modelled horizon 
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Fig. 5.19 S1D ii Result of forward model using vertical incline 
shear. Displacement of 4,000 metres to 060*. 
Red horizon - hypothetical concave upward Boulder-Lefroy Fault Green horizon - forward modelled horizon 
Fig. 5.20 S1 D iii Result of forward model using 600 antithetic incline 
shear. Displacement of 4,000 metres to 060*. 
Red horizon - hypothetical concave upward Boulder-Lefroy Fault Green horizon - forward modelled horizon 
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5.3.4 Thick skinned fault modelling-Series 2 
A commonly observed characteristic of thick skinned tectonic regimes is that 
faults become steeper with depth, therefore the fault plane may be convex upward 
(Coward 1983). This fault geometry, Le. with a convex up kink in the fault plane is 
needed to generate a fold structure such as that seen at Kambalda. 
As discussed in section 4.2.3 3DMove requires a fault to be present beneath the full 
extent of the horizon to be modelled. In the case of faults that steepen downwards 
this may mean they have to be extended to unrealistic depths, or alternatively only a 
narrow section of the hangingwall may be modelled. 
A simple convex upward fault was built and after several model iterations involving 
adjustment of the dip of the upper and lower fault segments, and the depth of the 
kink at their junction (and hence its relationship with the fold) a reasonable geometry 
was obtained. Fig. 5.21 shows a dip map of the fault. Forward modelling (Series 2A, 
Table 5.3) using the fault parallel flow algorithm with 3,000m slip towards 060* 
produced a fold with a similar amplitude but significantly greater wavelength (Fig. 
5.22); Fig. 5.23 shows the Kainbalda Dome model for comparison. This model 
shows that this style of convex upward fault geometry would produce a fold of the 
right form in comparison with a concave up geometry. However geologically it is 
unlikely that the Boulder-Lefroy Fault is this structure as it would produce a fold 
which is significantly wider than the Kambalda Dome as it is currently known. 
Though there remains the possibility that the Karnbalda Dome is merely the crest of a 
much larger fold structure. It is also possible that there may be other faults beneath 
the Kambalda Dome, possibly splays from the Boulder-Lefroy Fault, which 
contributed to its formation. Such faults may be analogous to the splays found at the 
Revenge gold mine south of Karnbalda (Nguyen 1995,1998, Fig. 5.24). 
213 
ei 
_x zr. 
., je to 
rl, 
vt 
4.9 
cri 
tl d r4 ei- ;i 
.Z- 73 
a 
E - dt 79 
FZ 3 
0- 
1.0 
ti 
U 
C 
C 
0" 
U 
U 
t) 
Chapter Five 
215 
Fig. 5.21 DipVnap of fault surface used in S2A models. Convex 
kink is indictirod by thin orange band. 
Chapter Five 
Fig. 5.22 S2A Result of forward model using fault shown in Fig. 5.18. 
Depth mapped with 200 m contour interval. Slip of 3,000 metres 
towards 0600 using fault parallel flow algorithm. 
Red - Fault surface; coloured surface - modelled horizon; 
yellow surface - Kambalda Dome surface 
Fig. 5.23 S2A Karnbalda Dorne surface kyellow in Fig. 5.19) depth 
mapped with 200 m contour interval for comparison with model result 
in Fig. 5.19 above. 
Red - Fault surface; coloured surface - Kambalda Dome surface 
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West East 
Pla a Shear Yone 
500m 
Fig. 5.24 Sketch illustrating geome of soar from the Playa Shear 
n Zone, parallel to the Boulder Lefroy7ault, 10 m south of Kambaida . After Nguyen et al. 1998. 
5.3.5 Summary 
The modelling of simple thin and thick-skinned structures described in sections 5.3.3 
and 5.3.4 above demonstrates that to form a fold with the geometry of the Kambalda 
Dome solely as a result of deformation above a fault requires that fault to have a 
convex upward kink. It is also suggested that a fault geometry comprising flats-and 
ramps-may generate a better Kambalda Dome surface than a geometry with only a 
single kink. 
5.3.6 Constructing a fault to create the Kambalda Dome 
Whilst the previous sections were modelled from an assumption of what the 
Boulder-Lefroy Fault might look like it was also decided to create a fault that could 
create a Kambalda Dome geometry and then decide how geologically realistic it was. 
It was concluded in section 5.3.5 above that the geometry of the Kambalda Dome 
ideally required a flat-rainp-flat fault topography in order to form the structure seen 
in the present day. 
A fault plane was created to replicate this and used to forward model an initially 
planar horizontal surface representing the Lunnon Basalt-Kambalda Komatiite 
contact. A series of models were run using this basic starting point and altering the 
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overall fault dip, and parameters of the different restoration algorithms. The results 
of these models are presented below. 
5.3.7 Modelling a flat-ramp-flat topography 
The initial starting model (Fig. 5.25) shows a north looking perspective view of this 
fault surface). The model comprises a fault with ramp dip of 281, the lower flat is 
sub-horizontal and the upper flat dips at P. Fig. 5.25b shows the model with a 
horizontal planar horizon prior to the start of forward modelling. 
The first model runs used the fault parallel flow algorithm with no shear and a 
transport direction of 090*, normal to the fault. Figs. 5.26a, b&c show perspective 
and contoured map views of this model after 1,000,2,000 and 3,000 metres of slip 
respectively. 
It is apparent from these images that the fold developed does not have the same 
profile as the Kambalda Dome (Fig. 5.27). After 3,000m of displacement the 
forelimb of the modelled fold has a relatively low angle of dip, 18", in comparison 
with the eastern flank of the Kambalda Dome which is at least 50" and in some 
places sub-vertical or overturned. The western limb of the modelled horizon is 
steeper at 28% but again this contrasts with the Kambalda Dome which has a lower 
angle of dip on the west limb in comparison with the east limb. 
The same model was run using the incline shear algorithm, initially with a vertical 
shear, the results of this are shown in Fig. 5.28; the contour map is again 100m 
interval. As before the fold profile developed is not the same as that of the Kambalda 
Dome. 
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A 
50 dipping 
upper flat 
B 
Fig. 5.25 A North looking perspective view of fault geometry 
used to model Kambalda Dome as anticline above a flat-ramp- 
flat fault. 
B North looking perspective view of fault with planar 
horizontal surface (blue) representing Lunnon Basalt-Kambalda 
Komatiite contact prior to forward modelling. 
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sub-horizontal 280 dipping ramp lower flat 
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Fig. 5.26 North looking perspective views and contour maps 
with 100m interval showing results of forward modelling using 
fault parallel flow with transport to east and no shear. Slip 
ranges from 1,000 to 3,000 metres. 
220 
A 1,000m slip 
280 dipping 180 dipping 
backlimb forelimb 
B 2,000m slip 
C 3,000m slip 
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Fig. 5.27 Depth map of Kambalda Dome model, I 00m contour 
interval. 
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Fig. 5.28 North looking perspective showing results of forward 
modelling from the same starting conditions a Fig. but 
using the incline shear algorithm and vertical shear. 
displacement is 3,000m Map view shows the surface contoured 
in 100m intervals. 
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5.3.7.1 Effect of Shear angles on models 
Using either the incline shear algorithm with vertical (90') shear pins, or the fault 
parallel flow algorithm with no bedding parallel shear; it is not possible to replicate 
accurately the Kambalda Dome geometry. It is necessary to alter the shear involved 
in the folding process in order to increase forelimb dip to an angle similar to that of 
the Kambalda Dome. 
In the incline shear algorithm this can be done be setting the angles of the shear pins. 
The model illustrated in Fig. 5.28 was re-run with a synthetic shear of 60' (N. B. 
shear angle is measured from the horizontal). Fig. 5.29 shows the result of a 3,000m 
displacement with this shear orientation. This result better approximates the 
Kambalda Dome geometry and the eastern fold limb is now steeper than the western 
(50' and 27' respectively). This is also shown on the contour map Fig 5.29. The 
similarity is increased if the shear angle is reduced to 50', in this case the eastern 
limb dip is increased to 70' but that of the eastern limb remains at 28', Fig. 5.30 
illustrate the results of this model. 
Bedding parallel shear can be represented in the fault parallel flow algorithm, 
(section 4.2.2.2). The above model was run again using fault parallel flow and a 
bedding shear was then applied. A 60' shear is required to increase the eastern limb 
dip to almost 58-59', a reasonable average for the Kambalda Dome. Fig. 5.31 shows 
a perspective view and contour map (100m interval) of these results. Increasing the 
shear to 650 increases the eastern limb dip to 76-780 Fig. 5.32. 
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Fig. 5.29 North looking perspective of incline shear run with 
same parameters as that in Fig. - but using a synthetic 
shear of 600. Contour map is again in 1 00m intervals, note 
the more accurate dips of the fore and backlimbs, 500 and 27" 
respectively. 
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Fig. 5.30 North looking perspective of incline shear run with 
a synthetic shear of 500 from horizontal. Contour map is again 
in 100m intervals, note the forelimb dip increases to 700 but 
the backlimb remains at 270. 
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Fig. 5.31 North looking perspective view and associated 
map showing result of using fault parallel flow algorithm with 
a 600 shear applied. This increases the forelimb dip to 
approximately 580. Contour interval 100m 
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Fig. 5.32 North looking perspective view and associated map 
showing result of using fault parallel flow algorithm with a 650 
shear applied. This increases the forelimb dip to 76-780. 
Contour interval 1 00m 
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5.3.7.2 Influence of Variable Heave 
The models described in the previous section are based on a cylindrical fault 
and use a constant displacement along-strike, hence they generate cylindrical folds 
rather than a periclinal structure such as the Karnbalda Dome. The fault parallel flow 
and incline shear algorithms can use a variable heave profile to alter displacement 
along strike, and better replicate the formation of the Karnbalda Dome. A variable 
heave profile starting from zero displacement in the north, rapidly increasing to 
2,000m then decreasing gradually to zero in the south was applied to the models 
previously described with the aim of generating a periclinal structure with variable 
plunges at the north and south similar to the present day Kambalda Dome. 
The results of using this with the fault parallel flow algorithm are shown in Fig. 5.33. 
Fig 5.34 shows the same model after a 65" shear has been applied. These figures 
show that there is a more dome-like shape to the resultant surface although the 
western fold limb is still linear; reflecting the linear geometry of the kinks in the fault 
plane and makes the resultant model asymmetric along its long axis. 
For the incline shear algorithm a thick skin fault with upper segment dipping at 38* 
and a steeper lower segment dipping at 70" was created (Fig. 5.35). This was 
modelled using variable heaves ranging from 2,000m in the north to 4,000m in the 
central portion and falling to 1,500m in the south. The spacing of the variable heave 
bands was controlled by eye with reference to the present day Kambalda Dome 
surface that was inserted in the model. This surface was also used as a visual check 
on the accuracy of the results. It was found that using synthetic shear (i. e. with shear 
pins plunging in the same direction as the fault dip) generated wildly unrealistic 
results. For example 70* synthetic shear results in a fold with amplitude of almost 
9,000m. However using an antithetic shear of 65" and the same variable heaves files 
produces a fold with amplitude of approximately 2,000m. However the forelimb dip 
is still lower than the backlimb, 33" and 43* respectively, and the crest of the 
modelled fold is further west than that of the Kambalda Dome. Fig. 5 36 shows a 
series of views of this model illustrating these features, contoured versions (200m) of 
this model are show in Fig. 5.37. 
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Fig. 5.33 North looking perspective views and contour map 
sbwing the effect of a variable heave profile on the fault parallel 
ft6w algorithm using 3,000m slip. Note the slightly steeper 
plunge of the northern tip of the fold in comparison with that 
at the south, resulting in a more accurate dome-like shape. 
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Ridge to north and 
south of fold 
developed as an 
artefact of applying 
a shear to the 
modelled surface. 
Fig. 5.34 North looking perspective views and contour map 
showing the effect of applying a shear to the model illustrated 
in Fig. S; WThis shear can only be applied equally across the 
whole model resulting in the dome geometry being extended 
into a ridge. 
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Kambalda 
Dome model 
surface to be 
forward modelled 
---now 
Fig. 5.35 Views of starting conditions for modelling variable 
heave on a thick skin fault. Fault plane displayed in green, 
surface to be forward modelled blue, yellow surface is the 
constructed Kambalda Dome horizon acts as a target surface 
and allows visual comparison of accuracy of forward modelled 
results. 
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North looking view 
showing similarity 
between blue modelled 
horizon and the yellow 
Kambalcla Dome 
model. 
East looking view 
clearly displays along 
strike similarity in fold 
profiles achieved by 
using variable heave. 
This results in a fold 
axis with a steeper 
plunge to the north than 
to the south. 
South looking view 
illustrates the similarity 
in fold amplitude but 
also highlights the key 
differences. The 
forelimb has a lower 
angle of dip than the 
backlimb resulting in a 
modelled fold crest 
further west from the 
fault than that of the 
yellow target horizon. 
Fig. 5.36 Perspective views illustrating result of using 650 
antithetic incline shear and variable heave with a thick skin 
fault. Constructed Kambalda Dome surface is provided as a 
visual comparison. 
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Map view showing 
general teardrop pericline 
geometry of the 
Kambalda Dome is well 
replicated. However 
significant details, notably 
relative dips of the 
eastern and western fold 
limbs are wrong. 
Artefacts from 
use of variable 
heave profile 
East looking view shows 
the long section of the 
model has been well 
reproduced by the 
variable heave however 
this has introduced 
marked artefacts into the 
modelled horizon. 
Artefacts from AIM- 
use of variable North looking view. heave profile 
Fig. 5.37 Contoured map and perspective views of forward 
model illustrating result of using 650 antithetic incline shear 
and variable heave with a thick skin fault. 
233 
Chapter Five 
5.3.7.3 Modelling a northward transporting Fault 
It was suggested in section 5.3.1 that the Kambalda Dome could be formed above a 
northward transporting thrust; analogous to the Tramways thrust structure. This was 
investigated by building a thin skin fault that might be able to create a geometry 
similar to the Kambalda Dome and using it in a series of forward modelling 
experiments. A map of this fault, with 200m contour interval is shown in Fig. 5.38. 
The model comprises a sub-horizontal thrust with a central high bordered by a frontal 
ramp dipping 20" to the south. Lateral ramps on the east and west of the high dip at 
40" and 300 respectively. After a northward displacement of 9,000m modelled with 
the fault parallel flow algorithm using a constant heave a Kambalda Dome analogue 
is produced, (Fig 5.39). This model requires that the fault have a very specific 
geometry, to form the Karnbalda Dome the lateral ramps have to be spaced at 
approximately 4-51an, the width of the Kambalda Dome, and they have to maintain 
this separation for approximately I Okm. The displacement on the fault also has to be 
on the order of 9-101an in order to create a fold with the N-S extent of the Kambalda 
Dome. Fig 5.39 shows that the resulting fold is essentially rectangular, with no 
variation in the strike and dip of the fold limbs along the fold. This is a result of the 
rectilinear geometry of the fault ramp constructed in 3DMove; and contrasts with the 
periclinal geometry of the Kambalda Dome. Whilst this fault geometry can produce a 
fold that is of the same general form as the Kambalda Dome, i. e. a N-S trending 
anticline, it is not possible in 3DMove to replicate key features of the Kambalda 
Dome such as the periclinal geometry and the dip variation of the fold limbs. 
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Fig. 5.38. Parallel map view of fault designed to model 
Kambalda Dome as a fault bend fold above a north transporting 
fault, analagous to the Tramways structure. Contour interval 
200m. 
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map view 
north looking 
perspective view 
west looking 
perspective view 
Fig. 5.39 Contoured map and perspective views of forward 
model on north-transporting fault. 200m contour interval. 
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5.3.8 Discussion and Conclusions 
The aim of this aspect of the thesis was to reproduce the Kambalda Dome geometry 
by forward modelling a planar horizon on a constructed fault plane. This makes the 
key assumption that the Kambalda Dome results from hangingwall deformation 
above a fault plane; rather than buckle folding. There were a range of detailed 
options as to how this might be carried out; but the most significant geological 
difference was that the models used either a thick or a thin skin fault. 
The first iteration of this work started by creating a fault geometry (either thin or 
thick skin) that was considered geologically plausible. The second iteration took the 
opposite approach and created a fault to best model the Kambalda Dome, then 
examined the fault to determine if it was a viable and realistic structure. Several 
models produced reasonable Kambalda Dome analogues, two failed completely. The 
details of these models were described in previous sections of this chapter (5.3.3, 
5.3.4,5.3.7). They will now be reviewed and discussed; and conclusions resulting 
from the modelling will be drawn. 
The thick skin modelling carried out using a fault with a convex upward kink and the 
fault parallel flow algorithm (thick-skinned fault modelling series 2) produced a fold 
with a wavelength larger than the Kambalda Dome. If this is correct the Kambalda 
Dome as it is currently known only represents the crest of a much larger fold 
structure. Whilst this cannot be ruled out it is considered unlikely. Thick skin 
modelling using synthetic incline shear produced wholly unrealistic results and is not 
considered further. However using antithetic incline shear produces a reasonable 
analogue of the Kambalda Dome. When this model is modified with the use of 
variable heave along the strike direction of the fault it is possible to replicate a fold 
which is superficially very similar to that of the Kambalda Dome. However with this 
fault geometry the relative dips of the fore and back limbs are incorrect, with the 
back limb having a higher angle of dip than the forelimb; additionally the modelled 
forelimb has a lower dip than the Kambalda Dome. The change in angle of dip of the 
fault segments will have an effect on this relationship however this alone is unable to 
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produce the sub-vertical to overturned eastern limb of the Kambalda Dome. Despite 
this discrepancy the results from this model are the best achieved using the thick 
skin fault hypothesis; furthermore the author considers that, given the limitations of 
the algorithm, these results represent a plausible method of forming the Kambalda 
Dome as a fault bend fold. 
The thin skin models were also able to replicate a reasonable Kambalda Dome 
model. However the north transporting model requires a complex fault geometry and 
the resultant fold structure is one of the least representative results of the thin skin 
models. Furthermore it is likely that the required north-south shortening of 
approximately 91an would be obvious at the regional mapping scale, as it is with the 
Foster and Tramways structures. Folds above these faults have east-west trending 
axial surfaces, whereas the Kambalda Dome has a north-south orientation, 
suggesting it results from an east-west compression. For these reasons, the north 
transporting thin-skin model is ruled out. The remainder of the thin skin models all 
use an east transporting thrust fault. The nature of the fold requires that the fault have 
a flat-rainp-flat topography, in this instance the general form of the Kambalda, Dome 
may be replicated reasonably well using the fault parallel flow algorithm. However 
again the dips of the eastern forelimb are lower than those of the western backlimb of 
the fold. This can be altered by applying a bedding parallel shear, it was found that a 
shear of 60* would increase the dip of the eastern limb of the Kambalda Dome to 
around 58-59" which was considered a reasonable orientation. When these models 
are modified with a variable heave profile it is possible to generate a more realistic 
long profile. 
The algorithms used in 3DMove do not model a range of processes that might have 
been occurring as this deformation occurred. For example metamorphic reactions and 
the presence of fluids in the system may have lead to volume changes during 
deformation, or to the redistribution of volume throughout the Kambalda Dome as it 
developed. The contact between the Lunnon Basalt and the Kambalda Komatiite 
would, due to the differing rheological properties of these lithologies, act as a locus 
for deformation. This contact would also enable flexural slip between the two 
lithologies as the fold grew. It is likely, especially within the komatiite, that many of 
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the shear zones seen in the field were developed during this time. These too would 
affect the distribution of volumes within the hangingwall. These processes would all 
modify the geometries that have been described from the modelling above. It is 
possible that some of these modifications would increase the similarity between 
some of the model results achieved using 3DMove and the real geometry of the 
Kainbalda Dome. 
From the modelling described above it is clear that it is possible to generate a fold of 
the same general form as the Kambalda Dome as a result of deformation from 
movement along a fault plane; either by using antithetic incline shear with a thick 
skin fault or by using fault parallel flow on a thin skin flat-ramp-flat fault. The 
purpose of this stage of the modelling however was to test the hypothesis that the 
Karnbalda Dome might be an inversion anticline resulting from reverse reactivation 
of the Boulder-Lefroy Fault; which it is suggested is an early basin bounding 
extensional structure. It is therefore necessary to critically examine the fault used to 
generate the fold structure above and decide if it might represent the topography of 
the Boulder-Lefroy Fault. 
Traditionally (Archibald, 1986, Swager & Griffin 1990) the Boulder-Lefroy Fault is 
considered as a relatively late stage (D3 ) strike-slip structure in which case it should 
be sub-vertical and the fault used in the modelling described above does not 
represent it. However this author and others((put in some r'ý_ý_s'pconsiders that it is 
likely that the BLF represents an early extensional structure. Regional deep seismic 
lines support this possibility, showing a fault that is steep for the first few kilometres 
and soles out around the base of the greenstones at approximately 6-101an depth 
(Drummond el aL 1993). 
The thin skin fault used to create the Kambalda Dome does not represent this style of 
extensional structure either. The modelled fault is approximately Ilan beneath the 
Lunnon Basalt regional and is sub-horizontal, it is a classic thin-skin thrust structure. 
Wbilst the model can also work using the fault parallel flow algorithm and a deeper 
fault there is also the need to have the BLF reaching surface within a few kilometres 
at most, and probably much closer, to the eastern flank of the Kambalda Dome. 
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Indeed the distance between the Boulder-Lefroy Fault and the Kambalda Dome is 
one of the few pieces of data that this modelling can be based on. It is also significant 
that a large amount of bed parallel shear is required in the fault parallel flow 
algorithm in order to achieve the forelimb dip seen on the Kambalda, Dome. The 
Lunnon Basalt Kambalda Komatiite contact would provide a ideal contact for 
flexural slip to occur on but there is no indication from field evidence of bedding 
parallel shear of 60* that the model seems to require. 
There is very little information on the location of the Boulder-Lefroy at depth and as 
such it is not possible to say definitively that there is no thrust similar to that 
modelled beneath the Kambalda Dome. But it seems unlikely that the Boulder- 
Lefroy could have this topography as it would require it to flatten out very rapidly 
westward from it's surface position as defined by the aeromagnetic data. 
The purpose of this modelling was to ascertain whether or not the Kambalda Dome 
could be a fault related fold resulting from inversion on the Boulder-Lefroy Fault. 
For the reasons given above this author considers that that is unlikely. The remaining 
options are that it is a fault bend fold above a thrust as used in this modelling or that 
it is a fold unrelated to faulting. Whilst the first of these options cannot be discounted 
it is considered unlikely. There is no expression in surface map patterns or 
underground evidence from mining activity of a major east directed thrusting event 
in the area. The most likely option therefore is that the Kambalda Dome and the 
Kambalda anticlinorium is a fold resulting from E-W compression, there is likely to 
be a buttresing effect from the BLF but it is not considered that these structures are 
inversion anticlines above the fault. 
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5.3.9 Unfolding the Kambalda Dome 
The unfolding algorithms of 3DMove have been described in section 4.2.1. 
There were several aims in using them to unfold the Kambalda Dome. 
* To see if the present day ore trough geometry was significantly altered. 
9 To estimate the amount of shortening across the Dome. 
* To further investigate whether or not it is a fold interference structure. 
5.3.10 Affect of unfolding on ore trough orientation-Series 3 
The previous descriptions and analysis of the ore troughs of the Kambalda 
Dome were all based on plan projections of the troughs. In some cases these are from 
relatively steeply dipping surfaces (up to 70"), due to the length of some of the ore 
bodies there is also a variation between the strike of the ore body and the orientation 
of the fold axis of the Kambalda Dome. As a result if the Dome structure and its ore 
bodies were to be unfolded some change in the orientation of the ore bodies, and 
their relative orientation around the dome would be expected. It is necessary to test 
that this is not so much as to invalidate the analogy with the Icelandic Fissure 
Swarms. It has also been suggested that the present day linearity and sub-parallel 
nature of the Kambalda Nickel Ore Troughs is the result of originally non-linear non- 
parallel features being rotated into parallelism by the east-west compression that 
formed the Kambalda anticlinorium. (information from S. Beresford pers. comm. ). 
The basic Kambalda Dome model was taken as a starting point for this unfolding, 
locations of ore surfaces were extracted from the more detailed earlier models and 
used as templates to colour portions of the simplified surface to represent 
approximate locations and trends of ore troughs, (Figs. 5.40a, b& c). A cylindrical 
analysis of the model showed the trend of the fold axis to be 155. A flexural 
unfolding algorithm was used to flatten this surface about this axis (Series 3A, Table 
5.4). Potential error exists in this operation as a result of having to construct the 
eroded portion of the Kambalda Dome; this could lead to over or under estimates of 
the amount of extension depending on whether too much or too little surface area 
was introduced when the eroded portion was filled in. This error has been reduced as 
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much as possible by ensuring that the surface that was built is reasonable from a 
visual inspection. Further, as this model will be used as the basis for all of the 
unfolding models of the dome the results will be comparable relative to each other, 
even if there are unknown errors in the original starting model. The result is shown in 
Fig. 5.41. It is clear from a comparison of Figs. 5.40a and 5.41 that there is no 
discernible difference between the orientations of the ore troughs and therefore their 
parallelism is not the result of the buckling that formed the Kambalda Dome. 
However as 3DMove only models fold development as a result of fault displacement 
this restoration does not account for any pre-buckle shortening that might have 
occurred across the area. Pre-buckle flattening can cause initially random elements in 
a rock to become aligned by passive and/or active rotation. A classic example of this 
occurs at a micro scale with the rotation of mica grains to form a slaty cleavage. 
In the case of ore troughs at Kambalda it would be necessary to rotate not only the 
nickel sulphide but also the channel facies komatiite above and any pre-existing 
structures associated with the mineralisation such as faults and basalt topography. 
Whilst the nickel sulphide may be able to rotate by active means, for example by 
pressure solution, the other features could not. Therefore if any significant rotation 
did occur it would have to be by passive means only. 
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Model / Aim of model Flexural Unfolding Parameters Results Fig. No. original 
Run No. model 
name 
pin plane no. proxy 
(strike/di stages to 
P) form 
dome 
Series 3A To test the effect unfolding 155/90 1 N/A There is no significant difference between rough- 
the Kambalda Dome structure plan views of the ore troughs on the present 5.41 dome- 
S3A has on ore trough orientation. day surface and on the ftilly restored trimmed- 
surface. This clearly indicates that the ore. vbl 
present day ore trough orientation, linearity 
& sub-parallelism is an original feature, and 
not related to folding. 
Series 3B Unfolding the Kambalda 155/90 2 proxy I Main portion of unfolded surface rough- 
Run 1 Dome in two stages. This uses NW-SE constrained by the proxy is relatively flat, 5.47 dome- 
a proxy surface to Represent trending fold suggesting there was no pre-existing north 5.48 trimmed- 
S3B i the 2 nd deformation event component vergent fold structure. And therefore that 5.49 ore. vbl, 
proposed by some authors. the Kambalda Dome was not the result of unfold- 
Unfolding this will reveal the two superimposed fold phases. attempt- 
extent of any previous Zvbl 
folding. 
Series 3B To examine the effect of 155/90 2 proxy 2 as As in S3B i there is no indication of an rough- 
Run 2 building the proxy surface used in S313 i early folding event. However in comparison 5.50 dome- 
from different cross sections, above but built with the S3B i restoration the northern end 5.51 trimmed- 
S3B ii hence altering the way the from different of the model is flattened more due to proxy 5.52 ore. vbl, 
Dome surface is unfolded x-sections 2 being constructed from x-sections further unfold- 
north than proxy 1. attempt- 
3. vbl 
Series 3B To try and remove the errors 155/90 2 proxy 2 Some improvement over runs S3B i& ii 5.53 rough- 
Run 3 at each end of the model by projected N& but not as good as expected due to 5.54 dome- 
extending the proxy N&S s projection of proxy 2N&S not being as trimmed- 
S3B W representative of the geometry of the N&S ore-ext- 
ends of the Kambalda Dome as the more P2. vbl; 
specific proxies used in runs S313 i& ii. unfold- 
attempt- 
4. vbl 
Series 3C Testing a proxy constructed to 065 90 2 proxy 3 Unfolding only occurs along the long axis 
Run 1 replicate the NW-SE folding generated from of the Kambalda Dome, this is the 5.55 
phase a 155* cross orientation in which folding is less extreme, 5.56 
S3C i section therefore overall Dome geometry is 5.57a&b 
I retained. I II 
Table 5.4 Series Three models - Unfolding the Kambalda Dome 
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Fig. 5.40 A Map view of 
Kambalcla Dome model with 
approximate positions and 
trends of ore troughs marked. 
This model was used as the 
basis for all subsequent models 
of the Kambalcla Dome. 
Fig. 5.40 B North loooking 
perspective view of Kambalda 
Dome model with approximate 
positions and trends of ore 
troughs marked. This model was 
used as the basis for all 
subsequent models of the 
Kambalda Dome. 
Fig. 5.40 C SW looking 
perspective view of Kambalda 
Dome model with approximate 
positions and trends of ore 
troughs marked. This model was 
used as the basis for all 
subsequent models of the 
Kambalda Dome. 
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The affect of passive rotation may easily be studied using drafting software with the 
ability to independently scale objects in x and y axes. Figure 5.41 was used as a 
starting point for this work; this illustrates the Kambalda Dome model after it has 
been flexurally unfolded in a single stage. 
The image (Fig. 5.41) was rotated 30' east so that the x axis in the drafting software 
was approximately normal to the strike of the ore troughs; coincident with an 
approximately NE-SW orientation of extension/compression (Fig. 5.42). 
The image was then scaled in 10% increments along the x axis whilst leaving the y 
axis unchanged. This has the affect of restoring any pre-buckle flattening that 
245 
Fig. 5.41 S3A Map view of Kambalcla Dome and approximate ore 
trough positions flattened in single stage using flexural slip algorithm 
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occurred along the 030"-210* axis by stretching the image, Figs 5.43 & 5.44 show a 
selection of these results. The change in orientation of a cluster of the ore bodies on 
the NW comer of the Kambalda, Dome was recorded at each stage and is detailed in 
the following table. 
% extension measured angle cumulative change 
0 35 0 
10 36 1 
20 37 2 
30 38 3 
40 39.5 4.5 
50 41 6 
60 44 9 
70 46.5 11.5 
80 47 12 
90 48 13 
F loo 51 16 
In this case an extension of 100% restores a pure shear shortening of 50%. It is seen 
that a 50% shortening would produce a 16" change in orientation. This would not be 
enough to create an aligrunent such as that seen at Kambalda, and in the ore deposits 
in the rest of the corridor, from an initially random distribution of ore trough 
orientations. 
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A 
B 
x 
Fig. 5.42 a) Image of Kambalcla 
flexural folding (Fig. 5.41). 
b) After rotation 30" east to allovy 
pure shear. 
Dome after single stage 
scaling in x to represent 
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A 
B 
X 
Fig. 5.43 Illustrating results of extension along the x axis of A) 
10% and B) 40%; y axis remains constant. 
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A 
B 
X 
Fig. 5.44 Illustrating results of extension along the x axis of A) 
70% and B) 100%; y axis remains constant. 
To confirm this a final test was undertaken; this consisted of creating a random 
orientation of elements and investigating the degree of shortening required to create 
an approximately parallel alignment (within 20') of lines. The elements were created 
by drawing a wheel with equal length spokes every 11.5". The spokes were cut into 
different length segments and rearranged providing the starting conditions for the 
model (Fig. 5.45a). Using the scaling features of the drafting software this was then 
deformed in stages (Fig. 5.45b). It is clear that after 50% shortening there are still a 
significant number of elements that do not strike within 20' of each other, therefore 
more than 50% shortening would be required to align the structural troughs in the 
Lunnon Basalt Kambalda Komatiite contact and their associated ore troughs by 
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compression alone. Due to the method of constructing the initial elements some are 
parallel or at a small angle to, the compression direction, hence will rotate only a 
small amount if at all. After a shortening of 80% these elements are still at high 
angles to each other but the rest of the model starts to take on a more linear 
appearance. It is considered that a bulk shortening of approximately 80% across the 
region would be required to impart an approximately parallel (±20") geometry to the 
ore troughs. 
B 
initial random 
elements 
generated Ones 
of equal length 
and regular 
angular variation 
of 11.250 
AA Ail /\A 
50% 65% 80% 90% 
% unlaxial shortening along X axis 
x 
Fig. 5.45 A shows the initial random elements prior to scaling. 
B shows a range of peroentage shortenings of the original image. 
The author suggests that a shortening of approximately 80% 
would be required before a random orientation of elements started 
to become allgned with a strike variation of about 20". 
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5.3.11 Discussion 
A competent layer will only undergo a small amount of pre-buckle shortening in 
comparison with an incompetent layer (Cosgrove 1989). The Lunnon Basalt is a 
competent layer and 50% shortening is probably a reasonable upper limit that could 
have occurred before buckling began to form the Kambalda Dome. A 50% 
shortening should generate a definite cleavage however there is no pervasive 
cleavage in the basalt of the Kambalda Dome. Other indicators of shortening include 
nickel sulphide blebs and vesicles which indicate a wide range of strains on both 
local (ore shoot) and regional (Kambalda Dome/Kambalda-Tramways corridor 
scales). Archibald (1985) used a variety of deformed features as strain markers 
including ocelli, basalt lava pillows and conglomerate clasts from the Black Flags 
Group. A wide range of strains was indicated by this study but in general only those 
that he related to the DI phase of his deformation (north directed thrusting) were 
prolate (apparent constriction) whilst those related to D2,3 and 4 were oblate 
(apparent flattening). If ore trough parallelism and orientation were the result of 
compression during an ENE-WSW compression event then there should be some 
indication in the strain history i. e. apparent constriction in an ENE-WSW orientation 
during D2 and D3. 
Whilst the work of Archibald (1985) is the most comprehensive attempt at a regional 
strain analysis it is worth noting that the strain indicators available are not ideal. The 
original shape of the pillow lavas and conglomerate clasts must be assumed as 
spherical when it is likely they were not. Nickel sulphide blebs have significantly 
different mechanical properties to the basalts and komatiites they will be enclosed in 
hence their response to applied stresses will not be representative of these units. 
Strains represented by the nickel sulphide blebs, ocelli and pillow basalts may also 
be the result of local tectonic activity in the vicinity of faults rather than 
representative of the overall strain experienced by the region; as discussed in chapter 
four. Archibald (1985) recorded the highest strains from the vicinity of the largest 
faults and clearly demonstrates strains increasing towards some of these structures. In 
general he noted that values of strain were generally heterogeneous across the region. 
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5.3.12 Conclusions 
As described in section 3.5.1 the Krafla Fissure Swarm contains fractures with a 
trend variation of approximately 200 (Opheim & Gudmundsson 1989). This is 
comparable with the present day trend variation of ore troughs on the Kambalda 
Dome. 
The simple scaling experiments carried out by the author to determine the amount of 
shortening needed to align the ore troughs within about 20* indicate that a bulk 
shortening (excluding folding and/or thrusting) in excess of 50% and, for an initial 
random distribution, in the region of 80% would be required. There is no field 
evidence in the form a well-developed cleavage in the basalt or komatiite to support 
this, and as discussed above the strain data of Archibald (1985) does not support the 
hypothesis of a homogenous regional strain field that could account for the alignment 
and orientation of the ore troughs as the result of ENE-WSW compression. It is 
therefore reasonable to conclude that the present day orientation and sub-parallel 
alignment of structural troughs and associated ore deposits is not the result of 
deformation post-dating formation; but rather that it reflects the original formation 
geometries. 
5.3.13 Unfolding using a Proxy Surface 
The Series 3A restoration (Table 5.4) unfolds the surface to a horizontal plane in a 
single step, errors inherent in this process are described below; these are particularly 
significant when considering a surface folded by more than one deformation event. 
The flexural unfolding algorithm unfolds the surface parallel to the unfolding 
direction (strain plane) as described in section 4.2.1 (Fig. 4.2). This process removes 
any folding in the orientation of the strain plane whilst preserving line length in this 
orientation, however line lengths are not preserved in orientations outside the strain 
plane (Fig. 5.46b). Any remaining folding is removed by simple shear along lines 
parallel to the intersection between the pin plane and strain plane (Fig. 5.46c). This 
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process reduces line length of the folded surface (A>A' on Fig. 5.46c) hence surface 
area will be lost, and volume will not be preserved (Fig. 5.46c). 
strain plane 
strain plane 
A 
t%UJ/J) 
A) Fold interference pattern 
with pin plane and strain plane 
marked prior to unfolding in a 
single stage with flexural slip 
algorithm. 
B) Surface restored parallel 
to strain plane, folding normal to 
strain plane is not removed by tt9s 
process. 
C) Cross section parallel to 
pin plane showing remaining fold 
structures. These are flattened by 
simple shear as indicated. This 
causes a reduction in line length 
(K<A) and surface area. 
Fig. 5.46 Diagrams illustrating source of error when unfolding 
multiply, or non-cylindrically folded surfaces in a single stage 
To reduce these errors it is necessary to unfold the structure in two phases. This also 
provides an opportunity to examine the structure as it would have appeared after a 
single phase of deformation; assuming in this case that the Kambalda Dome does 
result from two non-coaxial compressive deformation events (Archibald 1985). 
The method for unfolding separate phases of deformation involves creating a proxy 
surface representative of the most recent folding event. This is used as a template for 
the first restoration and unfolded to horizontal; the surface being studied is unfolded 
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as a passive object and so will end up with the geometry it had prior to the most 
recent deformation event. 
The proxy surface is constructed from cross sections of the surface which are parallel 
to the unfolding direction; these sections are joined to create the proxy surface. When 
creating the Kambalda Dome proxy a series of ten cross sections were made striking 
065' across the model. From these two were chosen to create a surface which would 
approximate the affects of the proposed second phase of deformation. This process is 
complicated by the fact that the Kambalda Dome is non-cylindrical; therefore the 
proxy surface geometry alters depending on which two of the cross sections are used. 
In turn this affects the geometry of the unfolded surface representing the affects of 
the previous deformation phase. 
Figures 5.47a &b show the Kambalda Dome model and an associated proxy surface 
(proxy 1) for the NE-SW compression considered largely responsible for the 
formation of the Kambalda Dome. Figure 5.48 is a depth map graduated in 200m 
intervals of the proxy I surface, it clearly shows the non-cylindrical nature of the 
surface. Figure 5.49 is the Kambalda Dome surface after unfolding (S3B i) and also 
mapped with 200m intervals. The white outline is that of the unfolded proxy I 
surface; this may be used to delineate regions of confidence in the unfolded model 
surface. Areas outside the outline are less constrained, therefore less accurately 
modelled, than those inside it. The deeper northward dipping portion of Fig. 5.49 at 
the north end of the Kambalda Dome is therefore probably more affected by the way 
the model was constructed, so should not be considered as an early north dipping part 
of the horizon. The main portion of the surface though is relatively flat; showing very 
little indication of an earlier north-south compressive event. 
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Fig. 5.47a S313 i Map view of Kambalcla Dome model 
(yellow) and proxy 1 (grey). 
Fig. 5.47b S31B i NE looking cross section of Kambalda Dome 
model (yellow) and proxy 1 (grey). 
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Fig. 5.48 S313 i 200 metre interval depth map of proxy 1 surface. 
Fig. 5.49 S313 i Kambalda Dome surface after unfolding with proxy 
1. Contour interval of 200 metres. White outline indicates boundary 
of flattened proxy, outside this area unfolding is poorly constrained. 
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Because of the possible variance in the results depending on the style of the proxy 
surface a second proxy surface was constructed using the two cross sections 
immediately north of those used in the previous restoration. The Kambalda Dome 
surface and this new proxy 2 are shown in figures 5.50a & b; fig. 5.51 is a 200m 
interval depth map of this'second proxy surface. It shows a more cylindrical 
geometry and constant height from south to north than the previous proxy surface 
(Fig. 5.48). It also extends further north over the Kambalda Dome than the previous 
proxy. The proxy 2 surface was unfolded (S3B ii) with the flexural folding algorithm 
and the same parameters as the previous model. Fig. 5.52 shows the resultant 
Karnbalda Dome surface depth mapped at 200m interval. The proxy 2 surface is 
represented by the white outline and it is again clear that the only major topography 
occurs outside this area. Within the area covered by the proxy there is no discernible 
early folding pattern. The low points along the western edge of this area indicate the 
Loreto and Fisher troughs; similarly other unnatural breaks in the topography are 
irregularities resulting from the original construction of the model. In comparison 
with Fig. 5.49 the northern portion of the surface has been flattened more; as a result 
of the proxy 2 surface extending further north than proxy 1. At the southern end the 
opposite affect has occurred with the Kambalda, Dome surface showing less 
unfolding. Generally the results are similar to the previous model though, again 
suggesting that there was no distinct folding episode prior to the NE-SW 
compression. 
This was further tested by projecting the proxy 2 surface north and south so that it 
covered the previously unconstrained areas. This model (S3B iii) was then unfolded 
with the same parameters as before and depth mapped at 200m intervals (Fig. 5.53). 
The northern and southern areas under the extended proxy surface still have greater 
topography than the central portion under the original proxy surface. The southern 
portion has been flattened more than it was when unconstrained (Fig. 5.52). In cross 
section (Fig. 5.54) there is still a noticeable fold structure, though it appears to be 
comprised of flat segments rather than exhibiting a curved form. It is believed that 
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Fig. 5.50a S313 ii North looking perspective view of proxy 2 (grey) 
and Kambalda Dome (yellow). 
Fig. 5.50b S313 ii NE looking perspective view of proxy 2 (grey) 
and Kambalda Dome (yellow). 
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Fig. 5.51 S313 ii Map view of proxy 2 surface contoured at 200 
metre intervals. 
Fig. 5.52 S313 ii Map view of Kambalda Dome surface (contoured 
at 200 metre intervals) after being unfolded using the proxy 2 
surace. White outline indicates boundary, outside this unfolding 
is poorly constrained. 
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Fig. 5.53 S313 iii Map view of Kambalda Dome surface 
(contoured at 200 metre intervals) after being unfolded 
using the proxy 2 surface projected north & south. 
Fig. 5.54 S313 iii East looking view of Kambalda Dome 
surface (contoured at 200 metre intervals) after being 
unfolded using the proxy 2 surface projected north & 
south. 
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that this is due to the extended sections of the proxy surface not accurately 
representing the style of the Kambalda Dome folding at these points and hence not 
unfolding it effectively. There is also a significantly greater volume between the 
areas of extended proxy surface and the Kambalda Dome than in the central section 
covered by the original proxy. This will also affect the unfolding algorithm, 
restricting the amount the Kambalda Dome surface could be restored due to the 
volume still to be accommodated between the two surfaces. The best result is 
achieved by combining the results of unfolding the first two proxy surfaces i. e. the 
southern portion of S3B i (Fig. 5.49), and the northern portion of S3B ii (Fig. 5.52). 
Therefore despite the remnant topography at the N and S of the Kambalda, Dome 
after unfolding with the extended proxy surface it is considered that this modelling 
supports the hypothesis that the Kambalda Dome is not a fold interference structure, 
but that it results from a single phase of deformation, i. e. it is a pericline. 
In order to test this finther proxy 3 was constructed from cross sections trending 155' 
along the long axis of the Kaxnbalda Dome. This corresponds to the second regional 
deformation event of Archibald (1985). However it is the first event that Archibald 
(1985) identifies at the Kambalda Dome, where it is expressed in the form of 
approximately north-south trending inclined to recumbent folds. This proxy is shown 
depth mapped at 200m intervals in Fig 5.55; this figure shows it is a cylindrical 
surface, based on a single cross section projected horizontally to create the surface. 
Fig 5.56 shows a NE looking perspective view of the Kambalda Dome (and 
approximate ore troughs) with the proxy surface above it prior to unfolding. 
Proxy 3 was flattened using a pin plane striking 065* (S3C i). Fig. 5.57a shows a 
normal map view of the result and Fig. 5.57b a 200m depth map. These show that the 
dome has been flattened primarily along its long axis, but signiflcantly less so across 
its short axis. As with the previous model this results from rapid variation in the 
separation distance between the surface being restored and the proxy being used to 
restore it. The result shown in Figs. 5.57a &b are therefore not considered to 
represent an evolutionary stage of the Kambalda Dome. 
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Fig. 5.55 SK i Depth map (200 metre interval) of proxy 3 
surface. 
Fig. 5.56 S3C i East looking view of proxy 3 surface (grey), and 
Kambalda Dome surface (yellow) prior to unfolding. 
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Fig. 5.57a S3C i Map view of Kambalcla Dome and ore 
troughs after flexural unfolding with proxy 3 (Fig. 5.46) 
Fig. 5.57b SK i Map view of Kambalda Dome depth 
mapped with 200 m contour interval after flexural unfolding 
with proxy 3 (Fig. 5.46) 
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To overcome this modelling problem it would be necessary for the proxy surface to 
have a geometry more closely approximating that of the Kambalda Dome, Le. 
dipping to the east and west. This would mean the separation (volume) between the 
proxy surface and the surface to be unfolded would be more constant across the 
surfaces and hence reduce the errors involved in the modelling process. However it 
would also mean that the proxy would be representing more than a single episode of 
the fold geometry (assuming it to be an interference structure); which in this case 
would invalidate the exercise. 
The same issues apply to the unfolding using proxy surfaces I&2 (series 3B) 
described previously (Figs. 5.49,5.52); however as the dip variation along the long 
axis of the dome is both less and occurs over a greater length than that across the 
short axis the affect is less pronounced. These issues illustrate the problems of trying 
to unfold such a periclinal (non-cylindrical) structure assuming it to be the result of 
fold interference. 
Considering this the fact that the series 3B models (Figs. 5.49,5.52) restored to a 
relatively flat horizon using a proxy with NW-SE trending fold axis suggests that the 
greatest proportion of folding of the Kambalda Dome occurred about a NW-SE 
trending axis. In comparison the results using a NE-SW proxy fold axis (Fig. 5.57 a 
& b) restore significantly less of the overall folding. 
This confirms the conclusion that the Kambalda Dome is the result of a single NE- 
SW oriented compression event rather than being a fold interference pattern. It also 
counters the suggestion that the Dome may be analogous to the Tramways structure 
(section 5.4.1) Le. a fault bend fold above a blind north or north west transporting 
thrust. Although this could be modelled in 3DMove it is considered that the fault 
geometry required would not be geologically reasonable. 
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5.4 Data available for regional modelling 
The 3DMove software allows a wide range of data to be used in the 
construction of a model. As a result the constraints on data used are imposed by the 
field area rather than the software. As previously mentioned despite the fact that the 
Karnbalda Domain is relatively well exposed by Yilgam Cmton standards it is still 
very poor in relation to other areas. Field data from surface mapping is therefore of 
very limited use; even when available it is very localised requiring broad 
assumptions if it is to be used in model construction. The main source of useful 
surface data is from magnetic surveys, these have been conducted extensively over 
WMC leases in the region, and provide one of the main exploration tools available 
for highlighting structural information. Surveys are generally airborne but in some 
areas more detailed ground based surveys have been carried out. Magnetic data 
provides very useful information regarding the location of the three main thrusts in 
the region as well as differentiating some of the lithologies, particularly the mafic 
intrusives, which may also prove useful in terms of discriminating structural trends. 
An interpretation of the regional combined magnetic data was used as a basis for 
creating a model of the Kambalda-Tramways-Democrat area. This was used as a 
framework for other more detailed sources of data in the form of maps and cross 
sections derived from drill hole data. Since nickel and gold mining operations started 
in 1966 and 1981 respectively a large amount of drilling has been carried out creating 
an equally large geological database. This is the prime source of detailed data for the 
area. The primary aim of this drilling is for exploration and resource development 
and hence there is great variability in the density of data available. In areas were 
mining is carried out there is a large amount of data from both surface and 
underground drilling. However in areas where there is no mining activity data is 
more sparse. Drilling is generally not carried out below depths at which it would be 
uneconomic to mine, however when the initial exploration programs were being 
carried out a series of deep holes were drilled to depths of c. 600-700m. These 
provided the basis of the work by Archibald (1985) and remain the only source of 
regional deep data. The vagaries of the data affect the modelling of the regional 
structures as it becomes particularly difficult to accurately calculate the geometry of 
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the fault shape. This is especially true for the Foster and Bluebush-Democrat 
structures, at Tramways (Fig. 5.58a) mining is more extensive and a relatively 
detailed picture of the upper portion of the Lunnon Basalt-Kambalda Komatiite 
contact is available. This has enabled a model of this fold surface to be built (Fig. 
5.58b) which can then be used to produce an appropriate surface for the Tramways 
thrust. 
Unfortunately access to the computerised drillhole database was not available for this 
study and drill hole data had to be extracted from cross section plots, when ordering 
cross sections from tadpole plots it was not possible to tell how much data they 
would provide, for example how deep the hole was and which lithologies it passed 
through. As a result it was decided that the majority of the regional scale modelling 
would be done using simplified models constructed from a variety of data sources, 
these include data from the field area but also from maps and cross sections from the 
literature; and generic models built from scratch intended only to simulate the 
broadest characteristics of the field area. The remainder of this chapter describes the 
construction and modelling of models designed to test various aspects of the 
structural history of the area. 
5.4.1 Tramways Fold and Thrust Structure 
It is apparent from the outcrop map of Tramways (Fig. 5.58) and previous 
discussion that the affects of two phases of deformation are clearer here than at the 
Kambalda Dome. An early approximately east-west trending anticline, coeval with 
the Tramways Thrust; has been deformed by subsequent east-west compression to 
give the present geometry of eastern & western anticlines with a central syncline 
(Fig. 5.58). 
This geometry provides a more structured framework for modelling with 3DMove 
than was available for other regional models. However the available data (Figs. 5.59a 
& b), extracted from a contour map of the Lunnon Basalt-Kambalda Komatiite 
contact is not complete. There is very little data on the northern oved=ed fold 
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Fig. 5.58a Geology map of Tramways region. 
Basalt - yellow; komatiite - pink. See Fig. 5.1 for remainder of key 
Fig. 5.58b Map of original data used to construct model of basalt- 
komatiite contact at Tramways; yellow-pink contact in Fig. 5.41 a. 
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A) Initial data Points were from a 
paper contour map of the basalt- 
komatiite contact produced by KNO 
geologists. Coordinates were 
measured and recorded as xyz data 
and imported into 3DMove as a data 
cloud, shown here in parallel map 
view. 
B) A simple tessellation algorithm 
was used to create a surface 
(displayed here in wireframe view) 
from the data cloud. This honours 
every data point but requires manual 
editing to remove unwanted triangles, 
these are present in the eroded 
central portion of the contact. 
C) With the unwanted triangles 
deleted the data can be displayed 
as a solid surface and depth 
mapped. This model provides the 
basis for the surface used in the 
modelling. 
Fig. 5.59 Stages in the construction of the model representing the 
basalt-komatiite contact at Tramways. 
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limb. Also the crests of the two anticlines have been eroded (Fig. 5.58), the geometry 
of the Tramways Thrust is poorly known, and there is no footwall cut-off of the 
basalt-komatiite contact so the amount of transport is unknown. 
Because of the relatively large areas of unknown surface geometry initial modelling 
used just the surface generated from raw data extracted from the contour map (Figs. 
5.58,5.59). As before the intention was that the results would not be adversely 
affected by interpretation and in-filling of missing portions of the model. 
5.4.2 Unfolding Tramways (Raw Data Only)-Series 4A and 4B 
Twenty NE-SW trending cross sections were made through the model from 
which to build a proxy surface. Segments from three different sections were 
combined to produce a complete section representing the affects of the east-west 
deformation at Tramways. The section was extended to create the proxy surface 
shown in Figs. 5.60 a&b; (Table 5.5) this shows that the eastern of the two 
anticlines is significantly larger (in terms of amplitude and wavelength) than the 
western anticline. This occurs towards the Boulder-Lefroy Fault; initially suggesting 
that that fault might have played a role in the east-west compression in a similar way 
to that suggested for the Kambalda Dome (section 5.4.2); or possibly as a buttress to 
the compression event. However there are several reasons why it is unlikely that this 
phase of folding is the result of hangingwall deformation during movement on the 
Boulder Lefroy Fault. Firstly the Series I&2 models did not conclusively support 
this theory for the Kambalda Dome (sections 5.4.3 & 5.4.4); it is reasonable to 
expect that such an affect would be regional in scale, affecting both the Kambalda 
Dome and Tramways areas. Lack of evidence for it at the Karnbalda Dome reduces 
the probability that it occurred at Tramways. Secondly the anticline-syncline- 
anticline geometry exhibited at Tramways would require a more complex fault 
geometry than that of the simple pericline of the Kambalda Dome. VVhilst such a 
fault geometry could be created and justified from a modelling perspective it 
increases the number of pre-conditions on the structural history, therefore reducing 
the probability that the model is correct. 
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Fig. 5.60a S4A i proxy. Map view of proxy surface used for 
unfolding Tramways model. Contoured in 200 metre 
intervals. 
Fig. 5.60b S4A i proxy. NW looking perspective view of 
proxy surface used for unfolding Tramways model. 
Contoured in 200 metre intervals. 
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All unfolding described in the following section was carried out using the flexural 
unfolding algorithm described in section 4.2.1. A cylindrical analysis of the raw data 
gave a fold axis azimuth of 150'; transport direction for unfolding (S4A i) was set 
perpendicular to this (240') and the contoured results are shown in Fig. 5.61. This 
figure shows that the eastern anticline is now deeper than the western one. This is 
most apparent when looking at the depth of the southern boundary of this section of 
the model. Prior to unfolding the depths of the lower portions of the two anticlines 
was the same; however after unfolding the eastern anticline is approximately 400- 
600m deeper. This difference might be real i. e. the eastern area was lower than the 
western after the early compression, alternatively it might be indicating an error in 
the modelling process. 
Because of the distribution of the raw data surface any cross section along the 
required 060'-150' azimuth would pass close to the hinge line of the eastern 
anticline but some distance south of the hinge line of the western anticline (Fig. 
5.62a). As a result of the folds being sampled in different places the topography of 
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Fig. 5.61 S4A i. Result of flexurally unfolding Tramways model 
using a 150*/90" pin plane. Note blue coloured depression on 
southern boundary of eastern anticline. Contoured in 200 
metre intervals. 
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the proxy surface used was an incorrect representation of the affects of the east-west 
compressive deformation event. The proxy of the western anticline being smaller 
than it should have been whilst the eastern fold was probably closer to its correct 
geometry. As a result during the unfolding process the western anticline was 
unfolded by a relatively smaller amount than it should have been when compared 
with the eastern anticline (Fig. 5.62b). It was thought that this resulted in the 
observed disparity. 
A 
Sketch cross section location used 
for first proxy surface. Sketch cross 
section indicates sampling error 
resulting from location of section line 
which caused the western anticli ne 
to be under restored. 
Line of cross section used 
to construct proxy surface 
Outcrop trace of basalt 
ko mat ite contact 
extent of model surface 
at depth 
extended contact surface 
B 
Sketch cross section location used Ibr 
second proxy surface after extending 
eastern anticline boundary (to green 
line) to allow section to be mo\ed north. 
Sketch section indicates higher 
amplitude on both anticlines. 
Fig. 5.62 Schematic maps and cross-sections showing affect of cross 
section location and data availability on proxy surface used to unfold 
Tramways folds. 
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Fig. 5.63a S4A ii Map view of proxy created from Tramways 
model after the eastern anticline was projected northward. 
Contoured with 200 metre interval. 
Fig. 5.63b S4A ii NW looking view of proxy created from 
Tramways model after the eastern anticline was projected 
northward. Contoured with 200 metre interval. 
Chapter Five 
A proxy 2 surface was therefore created. Due to the lack of data that had forced the 
location of the previous cross section the top limb of the eastern fold had to be 
extended northwards to allow a more representative cross section through the 
western anticline. This extension was kept to a minimum (Ilan) to try and avoid 
introducing further errors; it used a constant 35" dip, consistent with the surface it 
was extending. The resulting proxy surface still has an eastern anticline significantly 
larger than the western one (Fig. 5.63). The persistence of this despite attempts to 
reduce it suggest that it may be a real feature rather than an artefact of the modelling 
process. 
The unfolding was carried out again (S4A ii, Table 5.5) using proxy 2 (Fig. 5.63) 
with the same parameters as the previous model. The results were contoured with a 
200m interval and are shown in Fig. 5.64. It is clear that the pronounced depression 
in the eastern fold is still present, the new proxy has had little or no affect. It was felt 
that these were still issues relating to the modelling process. Specifically because the 
proxy surface should not overlap the surface to be unfolded it was necessary to raise 
the proxy surface above the surface to be unfolded prior to unfolding. Because the 
structures being modelled are not cylindrical this alters the volumes between the two 
surfaces and in turn changes the intersection points between the algorithms slip 
system and the surface to be unfolded, potentially introducing effors. This was 
considered a possible cause of the depression appearing in S4A i, (Fig. 5.61) and 
S4A ii, (Fig. 5.64). 
Various other issues were considered as potential causes of this problem: 
1. The lack of an overturned limb on the proxy surface, considered insignificant, 
as the portion of the fold being studied was not in an overturned area. 
2. There are several NW-SE trending faults with vertical displacements of 
several hundred metres present in the central syncline (Fig. 5.58). These 
faults were not resolvable with sufficient accuracy using the available data to 
enable their representation as distinct features. Therefore they were gridded 
as a continuous surface. On the original surface, before it was smoothed, their 
presence is clear (Fig. 5.65a), however it is not as obvious on the smoothed 
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data being used for modelling (Fig. 5.65b). However they are in the wrong 
place to have any direct influence in the depression of the eastern anticline. It 
is considered highly unlikely that not restoring the extensional displacements 
on these faults prior to the unfolding will have a significant affect. 
3. Finally the process of extending the eastern anticline northwards to realign 
the cross section used to build the proxy 2 was considered. This had projected 
the southern boundary northwards, whilst this had produced a satisfactory 
profile in NW-SE section when looking at a NE-SW section through the 
northernmost part of the model there was a pronounced height difference in 
the proxy surface between the central syncline and the extended section of the 
eastern anticline. This had a magnitude of about 300m; from Fig. 5.64 the 
embayment depth that causes the kink in the contours appears to be of a 
similar magnitude. This was considered the most likely cause of the error 
resulting in the embayment of the eastern anticline. The proxy surface was 
adjusted; lowering the height of the eastern anticline by 200in (Fig. 5.66), i. e. 
one contour interval. 
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The model (S4A iii, Table 5.5) was then unfolded with the same parameters as used 
for the previous two models; the resultant surface is shown in Fig. 5.67, again the 
contour interval is 200m, the depression seen previously in the eastern anticline has 
been removed and the central syncline has also been unfolded more satisfactorily. It 
was felt that this restoration of the result of the first Tramways folding event would 
not be accurately improved upon, and hence it was time to start modelling the first 
folding event. 
The previous model result (S4A iii, Fig. 5.67) was used as the starting point for the 
next stage of the modelling. A cylindrical analysis of this surface gives a plunge- 
plunge direction of 20-142'; this surface should represent the DI deformation and 
therefore have an east-west trend but the value given above is still representative of 
the second phase of deformation. This occurs because most of the surface relating to 
the first folding event has been eroded, therefore the only surface triangles that can 
be measured dip south and hence this is the orientation given as a result of the 
cylindrical analysis. This example provides a warning against following analysis 
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Fig. 5.64 S4A ii Result of flexurally unfolding Tramways model 
using a 150'/90' pin plane and proxy surface created from 
extended data. Depression on southern boundary of eastern 
anticline still present. Contoured in 200 metre intervals. 
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results without due consideration of what is being measured and how; particularly in 
models such as this where data is incomplete. 
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Fig. 5.65a Map view of Tramways Surface generated to honour 
original data points. Normal faults in central syncline indicated by 
two N-S trending red ridges. 
Fig. 5.65b Map view of Tramways Surface after smoothing, and as 
used for modelling. 
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Fig. 5.66a S4A iii Contour map of proxy surface after top of 
eastern anticline was lowered by 200 metres. Contour interval 
200 metres. 
Fig. 5.66b S4A iii NW looking perspective of proxy surface 
after top of eastern anticline was lowered by 200 metres. 
Contour interval 200 metres. 
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A series of cross sections were made through this structure along a strike of 232*; 
parallel to the likely trend of the first folding event (90* to the trend measured 
above). These were to be used to construct a complete version of the first Tramways 
fold (SQ). They were built into a simple surface shown in Fig. 5.68 depth mapped 
with an interval of 200m. Again due to the available data this only shows the upper 
limb of the fold but it is clearly increasing in amplitude and wavelength towards the 
east. It seems that this is a fairly good representation of the original fold data. 
However it introduces questions about the relationship between this structure and the 
Boulder-Lefroy Fault. It has been suggested (section 3.9) that the Boulder-Lefroy 
Fault was an original extensional feature which subsequently influenced the 
development of the structures seen in the Kambalda-Tramways region. The fold at 
the eastern end of the model is still recumbent and 2-31an wide yet if it post-dates the 
Boulder-Lefroy Fault it should die out before it reaches it. At this location the two 
structures are only a few kilometres apart; This raises the possibility that the fold is 
cut by the Boulder-Lefroy Fault. Such a relationship between early recumbent folds 
and the crustal scale NNW-SSE trending fault and shear zones is shown on the deep 
seismic cross section I 00krn north of Kambalda (Drummond et al. 1993) and has 
been used as evidence that the faults and shear zones are late stage features, 
postdating the recumbent folds. This contrasts with suggestions made by other 
authors (e. g. Archibald 1998), and in this work that the Boulder-Lefiroy Fault is a 
reactivated early structure. The nature of the relationship between the fold and fault 
cannot be determined with the present dataset or by this modelling. The fact that the 
fold is still present close to the location of the fault need not imply that it is cut by 
the fault; if the Fault is acting as a buttress to a subsequent compressive deformation 
than any folding will be developed close to it. 
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Fig. 5.67 S4A iii Result of flexurally unfolding Tramways model 
using a 1500/90" pin plane and proxy surface after crest of 
eastern fold lowered by 200m. Depression on southern boundary 
of eastern anticline significantly reduced. Contoured in 200 
metre intervals. 
Fig. 5.68 S413 Surface constructed from cross sections taken 
through result of S4A iii (Fig. 5.58) to represent the first phase 
of the Tramways fold structure. 
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5.4.3 Tramways Generic Model-Series 4C 
The next stage of the modelling was to try and build a model of the present 
day fold structure by replacing the eroded portions of the fold. This was to be used to 
re-model the Tramways structure. Several methods of extrapolating the data into a 
complete fold structure were attempted. The most successful was to draw freehand 
cross sections onto a plane inserted into the 3D volume (hence restricting line 
location to two axes in 3D space and simplifying the drawing process). The end 
points and trajectories of the lines were constrained by the existing model surface, 
with the proxy surface used in model S4A iii (Fig. 5.67) to mark the maximum 
amplitude of the fold. Beyond this the only possible control on the cross sections was 
a visual inspection of the surface to see if it looked geologically reasonable. 
Once the model was completed it was contoured at 100m intervals; this highlights 
the geometry well and would show up any apparent inconsistencies in the model if 
they were present. Figs. 5.69a, b&c show different views of this model. It is clear 
that fold amplitude and wavelength are increasing eastwards however the schematic 
model shows the eastern anticline dying out further west then the series 4B model 
(Fig. 5.68) suggests. The larger eastern fold again reinforces the idea that it is formed 
by buttressing against the Boulder Lefroy Fault; thus the Boulder Lefroy Fault was 
present by east-west compression times. If this is the case then it is likely that the 
Boulder Lefroy Fault is an early extensional structure; as that time would have been 
the most likely for it to form prior to the east-west compression. 
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Fig. 5.69a S4C Map view of schematic basalt-komatiite contact 
at Tramways. Contour interval 200 metres. 
Fig. 5.69b S4C NE looking perspective view of schematic 
basalt-komatiite contact at Tramways. Contour interval 200 
metres. 
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In order to compare this Tramways schematic model with the original data they were 
unfolded using the proxy from S4A iii. The results of these models (S4C i& S4C ii) 
are illustrated in Figs. 5.70 and 5.71. The proxy surface was very close to the crest of 
the western anticline in run I hence Fig. 5.70 shows a marked fold still present after 
the flattening. The proxy surface was raised 200m for S4C ii which has reduced the 
amplitude of the western anticline, in Fig. 5.71 but it is still a significant structure. 
However comparison between these results and that of S4A iii indicates that the 
restoration has achieved a similar affect along the southern boundary of the model. It 
is not possible to say whether the western anticline remaining in Fig. 5.71 is a 
modelling error (either not building the S4A iii proxy high enough or building the 
western anticline too high in S4Q or representative of the real geology. 
The trace of the Tramways thrust is seen to cut the basalt-komatiite contact (Fig. 
5.57) indicating that the first folding event was initiated before duusting reached the 
basalt-komatiite contact where it is now exposed. 
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Fig. 5.69c S4C SW looking perspective view of schematic 
basalt-komatiite contact at Tramways. Contour interval 200 
metres. 
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Fig. 5.70 S4C i Result of flexural unfolding using proxy from 
S4A iii to unfold Tramways schematic model S4C. Contour 
interval 200 metres. 
Fig. 5.71 S4C ii Result of flexural unfolding using proxy from 
S4A iii after raising it 200 m to unfold Tramways schematic 
model S4C. Contour interval 200 metres. Note greater unfolding 
of western anticline in comparison with Fig. 5.52. 
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5.5 Conclusions 
1. Computer modelling with 3DMove indicates that the Kambalda Dome can be 
modelled most accurately using antithetic incline shear and a Boulder-Lefroy 
Fault that steepens with depth (Fig. 5.36). 
2. However this result is still inaccurate in several key areas, significantly the 
relative dips of the eastern and western fold limbs are wrong. The modelled 
fold has a higher angle of dip on the west limb than the east; in contrast with 
the real structure which has a steeper fore-limb 
3. This difference may reflect processes occurring during the formation of the 
Kambalda Dome that are not replicated in the 3DMove modelling. For 
example, a component of buckle folding, volume changes associated with 
metamorphism, or minor faulting in the eastern side of the Kambalda Dome 
adjacent to the Boulder-Lefroy Fault. 
4. The Boulder-Lefroy Fault would require a flat-ramp-flat geometry beneath 
the Kambalda Dome to generate the hangingwall fold observed. Due to the 
outcrop location of the Boulder-Lefroy Fault, it would have to be relatively 
close to the surface (1-21an) beneath the Kambalda Dome. There is no field 
evidence for this being the case. It is also inconsistent with published deep 
seismic data from further north so this option is considered very unlikely. 
5. The trend and parallelism of the ore troughs on the Karnbalda, Dome (and 
hence elsewhere in the field area) cannot result from either folding or pure 
shear flattening during NE-SW oriented compression. 
6. The present day ore trough geometry accurately represents the original 
structural configuration of the ore troughs. 
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7. The Kambalda Dome is not a fold interference structure, there is no evidence 
of fold interference as at Tramways and Democrat-Republican. Nor is it 
likely to be the result of a blind thrust analogous to that at Tramways. This 
would require a complex fault geometry to form the Kambalda Dome 
structure purely by fault bend folding. 
8. The Kambalda Dome is best explained as a pericline resulting from a single 
phase of NE-SW oriented compression. It could have formed through a 
combination of buckle folding and inversion above a Boulder Lefroy Fault 
that features a convex upward kink. 
9. Three dimensional structural modelling based on published map and cross 
section data indicates that the Tramways folds are unlikely to be the result of 
fault bend folding. The Boulder-Lefroy Fault would require a complex 
geometry. 
10. The first Tramways fold formed as either a discrete fold structure or possibly 
as a thrust-tip fold. KNO data indicates there is some overturning in the 
hanging wall and other workers report recumbent folding and thrusting in the 
footwall. It is likely that thrusting subsequently cut and displaced the 
overtmed limb. 
11. The anticline-syncline-anticline was formed by later NE-SW compression; 
possibly by buttressing against the Boulder-Lefroy Fault. 
12. There is an intimate relationship between the Kambalda Dome, Tramways 
folds and the Boulder-Lefroy Fault, understanding it is crucial to 
understanding the regional tectonic history. Currently however this 
relationship is still ambiguous. 
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6.1 Discussion 
The outcome of this thesis is somewhat different from that originally 
intended. However it has proposed several significant new ideas regarding the 
structural geology of the Kambalda-Tramways corridor which are of academic and 
industrial importance. This chapter summarizes these ideas and provides some 
suggestions for continuing and developing this work. 
The main theory resulting from the work presented in this thesis is that the nickel 
sulphide bearing ore troughs represent syn-volcanic extensional structures, graben 
half-graben and fissures comparable in style and scale to those of the present day 
Krafla Fissure Swarm. This idea resulted from work carried out after the final field 
season, hence there was no opportunity to examine the trough structures in the field 
for evidence in support of this model. The only available method for testing this 
theory was investigating published and unpublished literature for indications of an 
early extensional deformation event. 
Examples from locations in the Kambalda area at a wide range of scales and of a 
variety of types have been found in the literature that support this theory. These 
examples may be structural in nature, but several have been found which are not. It 
is also true that most of them have not been presented as being evidence for early 
extension, but can be reasonably interpreted in this way. 
This model provides a simple and robust fi-amework for the formation of the ore 
bodies. It enables the channelling of subsequent kornatfite flows erupted directly 
onto the basalt, and hence the formation of the well-documented ore hosting channel 
flow facies komatiite. This provides a method of advancing the komatiite flow front 
to locations distant from the eruption site; and explains why channel flow facies 
komatiites and structural troughs are always found in association with each other. 
The range of topographies that may result from the extensional deformation allows 
for the wide range of ore body styles and dimensions seen at Kambalda. 
The early extension imparts a tectonic grain to the region that may be exploited by 
the later compressive deformation events. It is suggested that the prominent thrust 
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structures at the north of the Kambalda Dome are footwall shortcuts formed during 
the reactivation of the original normal faults. It is also suggested that on a larger 
scale regional structures such as the Boulder-Lefroy Fault may be early normal 
structures, possibly basin bounding faults, that have subsequently undergone a 
complex reactivation history. 
The author had hoped that the regional scale 3DMove modelling of the Kambalda 
Dome and Tramways structure would be more conclusive than it was, however due 
to constraints imposed by availability of data this was not the case. Despite the 
limitations it is considered that the Tramways thrust at least, and by analogy the 
Foster and maybe Bluebush-Democrat-Republican structures are thick-skin thrusts, 
probably initiated as either a buckle-fold or a fault-propagation fold rather than as a 
fault bend fold. This is based on the observation that the Foster and Tramways 
thrusts have potentially small displacements (around a kilometre). Hence the model 
of this area representing a mega-duplex with horizontal displacements of tens of 
kilometres is considered unlikely. 
In chapter one some of the range of regional tectonic models for the formation of the 
Eastern Goldfields Province were introduced. On the basis of the work presented in 
this thesis it is not possible to discriminate between any of these as being more or 
less likely. The work suggests that syn-volcanic extension, probably on a regional 
scale is a requirement for any model, but this could be accounted for by several 
models. The trend of the ore troughs implies an extension that was approximately E- 
W in orientation; this excludes models for the evolution of the Eastern Goldfields 
that proposed an approximately N-S oriented extension. 
6.2 Future Work 
The ideas proposed in this thesis require more work, particularly more field 
data, to test and develop them further, and to exploit them commercially. Following 
is a list of these, some of which would require new data, others could be carried out 
on data which is already available to the mining companies. 
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6.2.1 Testing the ore trough theory 
Underground mapping to look for evidence of early extension. With the aim 
of proving (or disproving) that the ore troughs were originally syn-volcanic 
extensional structures. 
Re-examination of company literature for evidence of early extension. There 
is a large amount of company literature some of which is likely to contain 
data and observations which would be useful when viewed with this model in 
mind. Or in some cases old (forgotten) reports with better interpretations than 
the modem counterparts. 
o Construction of detailed 3DMove models of the ore troughs would enable 
fiu-ther testing of the theory. This could be accomplished in several ways. 
Firstly examination of a detailed 3DMove model might reveal geometries of 
structures and/or stratigraphic units that implied they developed in an 
extensional regime. Secondly the ability to conduct even simple restorations 
of these geometries in order to better visualise the pre-deformation 
geometries. This work would require the digital data from the drillhole 
database which was not made available for this study. 
Forward modelling of the Krafla comparison structures, using 3DMove to 
simulate a proposed deformation history for the Kambalda Dome; to 
determine whether the resultant structures are analogous with those seen in 
Kambalda. This was attempted in the current study using published data from 
Angelier et al. 1997 but was unsuccessful as the model could not be 
constructed with enough accuracy. 
Detailed study of the Helmut-Schmitz region to investigate the proposition 
that that this area represents syn-volcanic lava deposition in a developing 
graben/half-graben. This would provide excellent evidence in support of the 
basic model presented in this thesis as well as important new understanding 
applicable to exploration and development in the Tramways area. 
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* Analysis of the location and distribution of ore bodies, assuming the model to 
be correct. With the intention of producing a predictive ore location model to 
be used for continued exploration in the region. 
6.2.2 Evolution of the Kambalda Dome 
4, Construction of a detailed model of portions of the Kambalda Dome such as 
the Loreto thrust wedge, again using digital data from the drillhole database, 
to enable more accurate modelling of the inversion model. And possibly an 
attempt at restoring the entire Kambalda Dome. 
e Detailed mapping of the stratigraphy of the basalt and the komatiite flow 
horizons. This will provide more definitive evidence for an early extension 
event than mapping structures alone. 
9 Data (e. g. seismic) on the geometry of the basalt-komatiite contact outside of 
drilled areas, and the geometry of the Boulder-Lefroy Fault would enable 
more accurate modelling of the formation of the Kambalda Dome. 
9 Stress analysis of fault data where available, particularly from the Loreto and 
Fisher thrusts to be used to constrain their development and be applied to 
finite modelling of these features. 
* Finite element modelling of the inversion shortcut model to constrain it 
further by use of material properties and consideration of metamorphic 
conditions at the time of deformation. This could also include modelling the 
strains that might be expected to develop in ore bodies adjacent to some of 
these structures, or in the basalt pinchouts that enclose some ore bodies. This 
could be used to test the validity of studies that use these features as regional 
strain markers. 
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Determine the relative timing of the main thrusts such as the Loreto and 
Deeps F and the formation of the Kambalda Dome fold. This might provide 
information on why these thrusts appear localised on the Kambalda Dome. 
For example did they form to enable continued shortening when the fold 
structure locked-up and compression continued. 
6.2.3 Examining regional structural evolution 
Detailed analysis of the Kambalda anticlinoriurn geometry; continuing the 
Karnbalda Dome fold south to Tramways. Again this would probably require 
seismic data, in conjunction with some deep drilling. The aim would be to 
determining if there is a continuous fold crest along the length of the 
Boulder-Lefroy Fault, or if it is a series of periclinal structures. The 
relationship of these folds to the Boulder-Lefroy Fault may define their 
relative ages. Therefore indicating whether the Boulder-Lefroy is an early 
structure as suggested in this thesis or a late D3 feature. 
Investigation of kinematics of the Foster, Tramways and Democrat thrusts; 
requiring detailed analysis of the fault surfaces. In Tramways this might be 
possible in mining areas but for the Foster and Democrat thrusts it would 
require drilling of oriented diamond core. Kinematic indicators from the 
original thrusting would need to be separated from any related to flexural slip 
during the later folding. This would provide crucial information on both these 
deformation events and would play a major role in further defining the 
tectonic history of the Kambalda-Tramways corridor. 
Finally all of the structural work needs to be fully integrated into other work 
being conducted both in the local area and in the rest of the Yilgarn Craton. 
This will aid development of a coherent geological history for the Eastern 
Goldfields Province, and the entire craton. 
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6.3 Key Conclusions 
1. The thesis introduces a new model for the origin of nickel-sulphide trough 
bearing structures in the Kambalda region. This model provides the basis for 
a coherent later deformation history. Together they are able to account, 
simply and effectively, for a wide range of the features seen in the Kambalda 
region; and particularly on the Kambalda Dome. 
2. Trough structures in the basalt-komatfite contact at Kambalda, Western 
Australia, represent syn-volcanic extensional graben and half-graben; 
deformed by subsequent compressive deformation events. 
3. The troughs are local indicators of a previously unrecognised extensional 
deformation event in the Kambalda region. Based on the present-day 
orientation of these structures the original extension was oriented 
approximately east-west. 
4. It is probable that this early extensional defonnation occurred throughout the 
Eastern Goldfields. It is likely that many of the NNW-SSE trending 
structures of the Eastern Goldfields Province such as the Boulder-Lefroy 
Fault, were original extensional structures related to this deformation. These 
were subsequently reactivated as strike-slip and/or thrust faults during the 
later transpressive and compressive deformation events. 
5. The trend and parallelism of the ore troughs on the Kambalda Dome (and 
hence elsewhere in the field area) does not result from either folding or pure 
shear flattening during later NE-SW oriented compression. 
6. The Gellatly antiform of Archibald (1985) is a thrust wedge (Loreto thrust) 
not a fold; therefore there is no requirement for the commonly accepted D2 
phase of his deformation sequence. 
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7. Underground mapping in the vicinity of the Deeps F thrust wedge indicates 
that the predominant transport direction is eastward. By analogy this is 
probably also true for the Loreto thrust (Gellatly antiform), and those thrusts 
associated with the Fisher Trough. 
8. A new model has been proposed explaining the formation of these thrusts on 
the northwest flank of the Kambalda Dome as footwall shortcuts from the 
original bounding faults of the early extensional graben. These originate from 
a deep segment of the fault with low angle of dip. Forward modelling using 
3DMove has validated this theory. 
9. The Kambalda Dome is best explained as a pericline resulting from a single 
phase of approximately NE-SW oriented compression; rather than a fold 
interference structure, or a fault bend fold above a blind-thrust. 
10. Field evidence from the Foster and Tramways thrusts suggests that their 
displacement may be relatively small. This leads to the suggestion that they 
may be thick, rather than thin-skinned, structures. Tbick skinned thrusts 
commonly have a convex upward geometry which restricts displacement due 
to the high strains required to bend the hangingwall over the faul. 
11. The first northward-vergent Tramways fold formed as either a discrete 
structure or possibly as a thrust-tip fold. Thrusting subsequently cut and 
displaced the oveftmed limb. 
12. The Tramways anticline-syncline-anticline was formed by later NE-SW 
compression; possibly by buttressing against the Boulder-Lefroy Fault. 
13. The relationship between the Karnbalda Dome, Tramways folds and the 
Boulder-Lefroy Fault remains ambiguous. 
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Nickel ore troughs in Archaean volcanic rocks, Kambalda, 
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Abstract: The Kambalda nickel sulphide deposits are located in the 270OMa Eastern 
Goldfields Greenstone Belt, Yilgarn Craton, Western Australia. The main lithologies are 
basaIts and komatiites. Nickel sulphide ore occurs within the komatiite at the contact with 
the underlying basalt. This contact is structurally complex, the result of several phases of 
compressive deformation that post-date ore formation. Ore is confined to trough structures 
at the basalt-komatiite contact, these may be tens to hundreds of metres wide, several 
kilometres in length and tens of metres deep. Troughs are subparallel to each other and to 
the regional structural trend, ore bodies have a characteristic ribbon-like geometry. Various 
models have been proposed to explain trough formation but none account for the variety of 
features seen in the area. A new model is presented explaining the Kambalda structures by 
analogy with present-day graben structures associated with Icelandic-stylq fissure swarms. 
It is proposed that the initial geometries of the Kambalda trough structures, prior to 
compressive deformation, were similar to the present-day structures seen in Iceland. 
Komatiitic lavas subsequently exploit this graben topography, resulting in distinctive ore- 
body geometries. Thus, it is suggested that the Kambalda troughs reflect an early phase of 
extension in the region. 
Kambalda is a nickel and gold mining camp 
located within the 270OMa greenstone succes-, 
sion of the Eastern Goldfields Province, Yilgarn 
Craton, Western Australia (Fig. 1). The oldest 
known lithology is the Lunnon Basalt, a high- 
Mg Archaean tholefite of at least 2 km thickness 
(Gresham & Loftus-Hills 1981) which is con- 
formably overlain by the lowermost member of 
the Kambalda Komatiite formation, the Silver 
Lake Peridotite (Fig. 2), which is host to the 
nickel ore bodies (Gresham & Loftus-Hills 
1981). These mafic and ultrarnafic lithologies 
have associated felsic and mafic intrusives and 
are overlain by a thick succession of felsic vol- 
canoclastic and terrigenous sedimentary rocks 
(Fig. 2). Up to four phases of compressive- 
transpressive deformation have been defined in 
the region (Archibald 1985; Swager & Griffin 
1990) and two phases of metamorphism (Archi- 
bald 1985). The four-phase deformation his- 
tory for Kambalda includes DI north directed 
thrusting, forming the major Foster, Tramways 
and Bluebush fold-thrust structures (Archibald 
1985), D2 north-northeast directed thrusting 
forming some of the smaller scale thrust struc- 
tures on the Kambalda Dome (Archibald 1985), 
D3 open upright folding forming the Kambalda 
Dome (Archibald 1985), and oblique normal 
faulting (Cowden & Archibald 1987; Cowden & 
Roberts 1990). D4 generates north-northwest 
trending strike-slip deformation forming the reg- 
ional Boulder-Lefroy Fault (Archibald 1985). 
Swager & Griffin (1990) propose an alternative 
three-phase deformation model consisting of DI 
north directed thrusting also forming the Foster, 
Tramways and Bluebush structures as a large 
scale duplex and D2-D3 transpression causing 
open folding and strike-slip faulting, developing 
the Kambalda Dome and the Boulder-Lefroy 
Fault. The Boulder-Lefroy Fault (Fig. 3) is one 
of several major strike-slip structures which 
give the Eastern Goldfields its distinct north- 
northwest-south-southeast structural trend. 
This trend is also shown by macroscale (tens 
to hundreds of metres) structures in the Kam- 
balda region. Peak metamorphism in the study 
area regionally reached the greenschist-amphi- 
bolite facies transition and, locally, low greens- 
chist facies (Archibald 1985). The meta- prefix is 
usually omitted when referring to lithologies, 
due to the preservation of primary igneous 
textures (Cowden & Roberts 1990). 
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Fig. 1. Sketch map of southwest Australia indicating 
the elongate NNW-SSE trending terranes forming the 
Eastern Goldfields Provence. The Yilgarn Craton 
consists of the other marked terranes and the Eastern 
Goldfields province. The Kambalda domain boundary 
is marked in bold. After Myers (1993). 
Most of the Kambalda NiS ore occurs on the 
contact between the Lunnon Basalt and Kam- 
balda Komatiite in the form of massive pyrite- 
pyrrhotite-pentlandite assemblages (Gresham 
& Loftus-Hills 1981). The syn-volcanic ore 
bodies form linear bodies subparallel to the 
regional north-northwest-south-southeast struc- 
tural trend (Fig. 4). They are generally confined 
within distinct embayments in the Lunnon 
Basalt, known as trough structures (Fig. 5). 
The linear geometry of the troughs and their 
subparallelism with each other and the regional 
structural trend is striking (Fig. 4). An original 
topographic control on the location and geo- 
metry of the ore bodies has been suggested pre- 
viously by several authors (Archibald et al. 1978; 
Groves 1982; Groves et al. 1984; Lesher et al. 
1984; Gresham 1986). The trough structures 
have been affected to varying degrees by the later 
deformation events; some authors argued that 
the troughs were formed entirely during these 
periods (Archibald 1985; Cowden 1988). 
The Northern Volcanic Zone of Iceland 
contains a number of large scale fracture and 
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fissure swarms comprising features that provide 
an attractive analogue to the envisaged syn- 
volcanic landscape of the Kambalda region; 
immediately prior to and during formation of 
the NiS ore bodies. 
In this paper, the features of the Kambalda 
troughs and the present-day structures observed 
in Iceland are described in detail. From a com- 
parison of the two, a new model is developed 
for the formation of trough structures on the 
Lunnon Basalt-Kambalda Komatiite contact. 
Kambalda ore troughs 
Approximately 80% of NiS ore at Kambalda 
is located on the contact between Lunnon 
Basalt and the overlying Kambalda Komatiite 
(Cowden & Roberts 1990). Individual ore bodies 
are up to several hundred metres long, up to a 
few tens of metres in width and are generally 
<5m thick, though thicknesses up to 40m 
have been recorded (Cowden & Roberts 1990). 
With a few exceptions, resulting from later 
deformation (Marston & Kay 1980), they trend 
north-northwest-south-southeast, subparallel to 
the regional structural trend, forming linear 
features continuous over lengths of several 
kilometres (Fig. 4). The majority of the ore in 
the Kambalda-St Ives area is confined within 
distinctive structural troughs; these troughs have 
the form of embayments in the Lunnon Basalt- 
Kambalda Komatiite contact regions. In some 
cases the ore body occupies the entire trough, in 
others the structural troughs are more extensive 
than the ore bodies they enclose (Marston & 
Kay 1980). The troughs have lengths up to 
several kilometres and widths of several hund- 
red metres, depths are variable ranging from a 
few metres to several tens of metres. Trough 
boundary structures are variable but include 
fold-thrust pairs, steep reverse faults and faults 
with an apparent normal displacement. Fold- 
thrust pairs often enclose ore (Fig. 5) forming 
basalt 'pinch-outs', structures which enclose a 
wedge-shaped segment of ore, these have been 
attributed to D2 deformation (Archibald 1985). 
Later deformation events have modified the 
trough structures to varying degrees, in some 
areas these effects are clear as ore bodies have 
been segmented and displaced by faults. How- 
ever, in other instances, it is not clear how much 
of the present-day structure results from pre- 
or post-ore deformation events. 
There has been significant work on the fabrics 
of individual ore bodies and discussion as to 
what extent they record the deformation history 
(Ostwald & Lusk 1978; Cowden & Archibald 
1987). Cowden & Archibald (1987) conclude 
that fabrics in the massive sulphide ores repre- 
sent the entire deformation history. Hence, they 
use -the centimetre scale pyrrhotite-pentlandite 
layering and pyrite layers and lenses exhibited 
by most ore bodies as kinematic indicators. Ore 
bodies frequently have mineralized cracks of 
several tens of centimetres length extending into 
the basalt beneath them, perpendicular to the 
contact, these are known as Tootwall stringers' 
(Fig. 5). Within these cracks, pyrrhotite-pen- 
tlandite layering is parallel to the stringer 
boundary, normal to the basalt-komatiite con- 
tact. Cowden & Archibald (1987) interpret the 
stringers as representing a minor phase of late 
D2 extension, forming brittle fractures into 
which NiS ore was injected. The ore behaved 
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plastically as it was injected, and the pyrrhotite- 
pentlandite layering that formed as a result of 
DI thrusting was deformed such that it became 
subparallel to the stringer boundary. Similarly, 
Cowden & Roberts (1990) attribute footwall 
stringers to brittle deformation associated with 
the transition between D3 doming and D4 sinis- 
tral strike-slip displacements. 
The overlying Kambalda Komatiites show 
distinct petrological and morphological varia- 
tions above the ore zones which define channel 
and sheet-flow facies within the komatiite. 
Channel facies komatiites are generally super- 
posed above structural troughs and have similar 
dimensions, lengths of at least 10 kra and widths 
of 150-500m. (Cowden & Roberts 1990). On 
the northwest part of the Kambalda Dome the 
troughs and channels are found in subparallel 
pairs c. 1000 rn apart; one trough contains high 
tenor ore and the other low tenor ore [tenor is 
defined as Ni in 100% sulphides: low, <8% Ni; 
medium, 8-14% Ni; high, >14% Ni (Cowden & 
Roberts 1990)]. 
The origin of the structural troughs and the 
localization of ore within them has been the sub- 
ject of much debate. Whilst numerous authors 
have argued in a general sense that ore body 
location was influenced by the pre-existing topo- 
graphy of the basalt surface (Ross & Hopkins 
1975; Archibald et al. 1978; Marston & Kay 
1980; Groves 1982; Groves et al. 1984; Lesher 
et al. 1984; Gresham 1986) fewer people have 
considered the possibility that the troughs might 
have had a structural origin (Ross & Hopkins 
1975; Marston & Kay 1980; Groves 1982; 
Gresham 1986). No detailed model has been 
developed that can adequately explain the wide 
variety of features observed. Current models for 
generating a topography capable of channelling 
flow include those described below. 
distances of several kilometres. It cannot easily 
explain the parallelism between ore bodies and 
the regional structural trend, or the regionally 
consistent trend of the ore bodies, which is seen 
both in the Kambalda-St Ives area and at other 
nickel deposits in Western Australia (Barrett 
et aL 1977). If the troughs are kipukas it would 
follow that the lava flow at the base, and those 
on either side of the troughs, would be 
stratigraphically different units; this does not 
appear to be a well-documented feature of the 
Kambalda deposits. 
Localizedfissure eruptions 
Ross & Hopkins (1975) and Marston & Kay 
(1980) present similar models based on work in 
the Lunnon and Juan Shoots, respectively. Ross 
& Hopkins (1975) conclude that 'subsidence 
and dislocation along fissures subparalleling the 
margins of the Lunnon Shoot, is thought to 
have accompanied emplacement of the basal 
portions of the sequence. These fissures could 
represent the loci of volcanic activity'. 
Marston & Kay (1980) reconstructed the post- 
ore deformation of a portion of the north- 
western flank of the Kambalda Dome. This 
defined two groups of ore with contrasting Ni 
tenor, separated by a 'horst-like structure' which 
they interpret as representing an original topo- 
graphic high. They conclude that the belts 
correspond to 'original' seafloor depressions, 
probably tectonically controlled' and that 'sepa- 
rate sulphidic komatiitic magmas were extruded 
into each'. 
The principal problems facing both these 
hypotheses are the lack of feeder dykes for the 
proposed fissure eruptions and a lack of recog- 
nized early normal structures. 
Pre-existing volcanic topography 
Usher el al. (1984) argue that the trough struc- 
tures represent kipukas, original topographic 
depressions in the basalt, formed between adja- 
cent non-overlapping basalt flows, possibly 
enlarged by thermal erosion, and modified by 
subsequent deformation. Lesher et al. (1984) 
make an analogy with lavas erupted from the 
southwest rift of Mauna Loa which exhibit a 
clear topographic control in a volcanic landscape 
they envisage to be similar to that which existed 
during formation of the Kambalda deposits. 
Whilst this model provides linear channels of 
the correct dimensions it requires a significant 
difference in topographic relief to do so over 
Thermal erosion 
Huppert et aL (1984) propose a model from 
theoretical work in which high temperature 
(1400-1700'C), low viscosity komatiite lavas 
are erupted subaqueously onto a basalt substrate 
with a melting point of c. 1250'C. Flow within 
the lava was turbulent, allowing the flow to 
maintain an even temperature throughout. The 
upper surface was chilled on contact with sea 
water forming an insulating crust that allowed 
flow to continue beneath. This high temperature 
flow was able to melt and assimilate some of the 
basalt substrate, thermally eroding it, forming 
the trough structures whose structurally mod- 
ified versions are seen today (Fig. 6). 
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eruption of komatiite onto the basalt surface. 
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erode basalt substrate. (c) Ground melting continues 
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If the troughs were erosive features it would 
be expected to find some evidence for erosion, 
such as unconformable contacts between basalt 
and komatiite. However, the bases of most 
troughs at Kambalda show no signs of erosion 
(Lesher et al. 1984). Intuitively, it seems unlikely 
that thermal erosion could produce a series of 
linear parallel flows several kilometres in length. 
However, as Lesher et al. (1984) point out, this 
does not preclude the possibility that a limited 
amount of thermal erosion could have occurred 
Fig. 7. Diagram illustrating development of channel 
facies komatiites within a large scale volcanic flow 
regime. Different flow facies account for the various 
styles of NiS deposits in Western Australia. From 
Hill (1997). 
and modified any initial topography generated 
by other processes. 
Volcanicflow regime 
Recent work by Hill (1997) relates the different 
styles of Ni mineralization seen in Western 
Australia to different styles of volcanism within 
a single volcanic system. The channelling in this 
case is in localized flow channels or lava tubes 
within a larger lava flow. These pathways allow 
the transport of lava to a distal advancing flow 
front, with thermal erosion creating troughs 
similar to lunar rilles (Fig. 7). This model does 
not explain how the linear geometry of the trough 
structures or their parallelism with regional struc- 
tures occurs. 
Discussion of current models 
Some of the post-ore deformation models 
(Archibald 1985; Cowden 1988) rely on the pre- 
sence of the NiS ore bodies to localize the 
deformation as a result of competence contrasts 
between the ore and the basalt and komatiite 
enveloping it. There are several problems with 
these models. If this was the only mechanism 
of trough formation there should be no struc- 
tural troughs more extensive than the ore bodies 
they enclose, as trough boundary formation is 
localized at the contact between ore and country 
rock. Secondly, it would be reasonable to assume 
that all the ore bodies would have similar 
bounding structures, as they form by the same 
process. As neither of these conditions are true at 
Kambalda, it is necessary to invoke a range of 
deformation histories for different ore shoots 
to account for their different geometries. The 
Cowden & Roberts' (1990) model for post-ore 
formation of the structural troughs relies on 
the later deformation phases to generate fault 
structures which enclose the pre-existing ore 
body. Cowden (1988) suggests that the Lunnon 
Trough is the result of strike-slip fault movement 
along a dipping surface, causing an apparent 
normal displacement. The strike-slip displace- 
ments occured during the 133-134 stages of the 
deformation (Gresham & Loftus-Hills 1981; 
Swager & Griffin 1990). During this deformation 
the regional Boulder-Lefroy fault system imme- 
diately east of the Kambalda Dome also devel- 
oped (Figs 3 and 4) (Swager & Griffin 1990). For 
this process to generate a graben on the side of a 
pericline requires a complex series of fault move- 
ments. It is unlikely that these faults would form 
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subparallel to both a significant quantity of Ni 
mineralization on the basalt-komatiite contact 
and overlying komatiite channel facies. If the 
faults bounding the Lunnon Trough were 
formed as late stage strike-slip structures they 
would be expected to be subvertical and cut the 
Lunnon Basalt-Kambalda Komatiite contact at 
an acute angle; as the Karnbalda Dome would 
have formed by that time, the basalt-komatiite 
contact would have its present steeply east 
dipping orientation. However, cross-sections 
through the Lunnon Trough (Fig. 8) consistently 
show the western bounding fault of the trough to 
have a high cut-off angle with the lithological 
contact, consistent with it being an early normal 
structure. The eastern bounding faults have a 
much smaller cut-off angle, consistent with them 
being late stage features formed during D2 east- 
west shortening or in association with the 
Boulder-Lefroy Fault. Further, if the Lunnon 
Trough is a late structure it might be expected 
that there are other significant trough structures 
without mineralization and associated channel 
facies komatiites. Such structures have not been 
documented at Kambalda. 
None of the current hypotheses, either those 
advocating pre-ore trough structures (Archibald 
et al. 1978; Groves 1982; Groves et aL 1984; 
Lesher el al. 1984; Gresham 1986) or those 
relating them to post-ore deformation events 
(Archibald 1985; Cowden 1988), adequately 
explain the range of features seen at Kambalda. 
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Fig. 8. Sketch cross-section through the Lunnon 
Trough, eastern Kambalda Dome. The western 
bounding fault has a high cut-off angle with respect to 
the basalt komatiite contact, suggesting it is an early 
structure, the offset ore suggests syn-volcanic 
movement on this fault. The thrusts on the eastern side 
appear to be related to post-volcanic deformation. 
After Ross & Hopkins (1975). 
Although Ross & Hopkins (1975) mention syn- 
volcanic normal structures they do not consider 
them of primary importance to the formation of 
the ore body, rather that normal displacement 
might occur along a fissure as it erupts. Marston 
& Kay (1980) do not explicitly state that syn- 
volcanic normal faulting formed the trough- and 
horst-like structure they describe. Both models 
require a local eruptive source and neither are 
applied to other areas of Kambalda or similar 
NiS deposits. 
From the description of the Kambalda system 
and the discussion of current hypotheses it is 
clear that several criteria need to be accounted 
for by any model attempting to explain the for- 
mation of the structural troughs and the 
location of the ore deposits within them. These 
criteria include: 
" the pronounced linearity of the structural 
troughs over a total distance of up to 10 km; 
" the subparallel alignment of the troughs both 
with each other and with the regional tec- 
tonic trend; 
" the variety of trough-bounding structures; 
" the variations in geometry of the different 
deposits on the Kambalda Dome and in the 
surrounding region, from those character- 
ized by linear ore bodies up to I km long, to 
those characterized by elliptical pods of 
mineralization several hundred metres long; 
" the superposition of channel facies koma- 
tiites and structural troughs; 
" the model has to fit within a feasible geo- 
logical history at both the local and regional 
scale. 
The Krafla Fissure Swarm 
Iceland has been constructed by hotspot volcan- 
ism at the slow spreading Mid-Atlantic Ridge 
(Vine & Matthews 1963; Schilling 1973). The 
Northern Volcanic Zone of the island is an 
onshore segment of the Mid-Atlantic Ridge 
(Fig. 9a). The Northern Volcanic Zone is 
c. 200 krn long and 60 krn wide, it comprises five 
en echelon fissure swarms, graben structures 
60-100km long and 5-20km wide (Fig. 9b; 
Arnott & Foulger 1994a). Each of these contains 
a central volcano of 20-40 km diameter (Brands- 
d6ttir et al. 1997). A central fracture and fissure 
swarm bisects each volcano and marks the axis 
of the graben in which the volcano is located 
(Fig. 10; Angelier et al. 1997). The central vol- 
cano of each swarm is the source of the majority 
of the volcanic material of that swarm, however, 
local fissure eruptions and spatter cones have 
been recorded (Rubin 1992). 
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Fig. 9. (a) Map of Iceland showing the axial rift and region of fissure swarms. (b) The location of Krafla Fissure 
swami and the en echelon arrangement of the fissure swarms. From Angelier et aL (1997). 
The Krafla Fissure Swarm, one of these five 
zones, is 4-10 krn wide and 80 km long (Opheirn 
& Gudmundsson 1989), the faults and open 
fissures trend north-northeast-south-southwest, 
subparallel to its boundary (Fig. 10; Arnott & 
Foulger 1994b). Between 1975 and 1989 the 
Krafla Fissure Swarm underwent a period of 
rifting and volcanism which included 21 rifting 
events and nine volcanic events (Opheirn & 
Gudmundsson 1989). Of approximately 35 
Holocene, mostly basaltic, eruptions, the major- 
ity have occurred in the Krafla Caldera or 
the Namafjall Mountain south of the caldera 
(Fig. 10), indicating that the majority of vol- 
canism is from local sources rather than large 
scale fissure eruptions (Bj6rnsson et al. 1977). 
Principalfeatures of the Krafla 
Fissure Swarm 
The structural elements of the Krafla Fissure 
Swarm are characterized by normal faults 
frequently forming nested graben and tension 
fractures forming open fissures (Angelier et al. 
1997). Tension fractures are seen in association 
with faults and graben, and also as individual 
structures in isolation from other features. 
Opheirn & Gudmundsson (1989) record an 
average tension fracture length of 350m with 
strike directions varying between 3 and 18'. 
Most of these fractures are straight or weakly 
curved, but some larger fractures are more 
strongly curved. Many are seen to have en 
echelon segments, particularly in the case of 
curved main fractures; an arrangement of parallel 
offset fractures is seen at the terminations of some 
large fractures. Normal fault scarps are vertical 
and lack evidence of any strike-slip displace- 
ment along them, implying that they opened in a 
pure tension regime (Opheim & Gudmundsson 
1989). The largest normal fault measured by 
Opheim & Gudmundsson (1989) is 3.5 km long 
with a throw of 42m and a width of 28m; it 
defines the western rim of a 2-3 km wide central 
graben within this region of the Krafla Fissure 
Swarm. The eastern rim is defined by irregular 
fault scarps of 15-25 m height. This graben con- 
tains further normal faults which form graben, 
frequently nested, of 30-200 m in width (Opheim 
& Gudmundsson 1989). At the surface these 
faults are often represented by an open fissure 
(Angelier et aL 1997), only becoming normal 
faults sensu stricto at some depth below the sur- 
face. In detail the fault scarps represent smaller 
graben structures, usually 10-20 m wide, which 
may include further fault blocks of 1-10 m width, 
often tilted, separated by open fissures and 
with scarps 2.5-7.5 m high (Fig. 11; Angelier 
et aL 1997). 
As rifting and volcanism are contemporaneous 
new lava flows cover pre-existing fractures and 
fissures, and subsequently may be affected by the 
development of new fractures or the reactivation 
of existing buried structures. The recent Krafla 
event included more rifting events than volcanic 
events (Opheim & Gudmundsson 1989) so it is 
likely that all the lava flows experienced several 
distinct episodes of syn-volcanic deformation. 
This can lead to the development of a complex 
series of structures. 
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Discussion 
There are obviously significant differences 
between Kambalda and Krafla in terms of 
their post-formation history. Kambalda has 
experienced several phases of compressive- 
transpressive deformation and accompanying 
metamorphism, while the extensional structures 
of Krafla are in a pristine condition. However, 
a comparison of the surface topography of 
the Krafla Fissure Swarm (Fig. 12) and the 
Lunnon Basalt-Kambalda Komatiite interface 
is a worthwhile exercise. There is a clear similar- 
ity between the Krafla Fissure Swarm structures 
and the Kambalda Trough structures in terms of 
their scale, geometry and lithology (Table 1). 
The recent graben structures reported from 
Iceland (Angelier et al. 1997) have dimensions 
which are directly comparable to the dimen- 
sions of the Kambalda Trough structures. They 
are seen to be linear parallel features developed 
over distances of tens of kilometres in a lithol- 
ogy very similar to that in which the Kambalda 
Troughs are formed. The tectonic setting of the 
Icelandic graben is well known in comparison 
with that of the Kambalda region when the 
troughs were formed. The tectonic evolution of 
the Eastern Goldfields is the subject of much 
debate and beyond the scope of this paper. There 
is growing evidence that it formed in either an 
intracratonic rift zone or back-are basin (Archi- 
bald et aL 1978; Groves 1982; Groves & Batt 
1984; Groves et al. 1984; Gresham 1986; Hall- 
berg 1986; Hammond & Nisbet 1992). Morris & 
Witt (1997) and Nelson (1997) argue for a back- 
arc basin setting on the basis of petrological 
and geochemical evidence. Williams & Whitaker 
(1993) and Passchier (1994) describe shear 
zones in the central Eastern Goldfields which 
may indicate early extension. A regional seismic 
line indicates normal displacement of mid- 
crustal boundaries and gentle warping of the 
Moho across some of the major north-north- 
west-south-southeast trending structures of the 
Eastern Goldfields (Swager et al. 1997). Swager 
(1997) speculates that the greenstone basins of 
the Eastern Goldfields developed in a tectonic 
setting similar to that of failed rifts and that 
these basins subsequently closed in response to 
far-field stresses. 
The comparison is complicated by the sig- 
nificant compressive deformation phases which 
have subsequently affected Kambalda. How- 
ever, evidence for this early extensional phase, 
generating the graben topography, is available. 
Both published and unpublished work contain 
references to features which are either described 
as early structures or which can be re-interpreted 
as such (Compton 1968; Ross & Hopkins 1975; 
Hayden 1976; Barrett et al. 1977; Marston & 
Kay 1980; Gresham & Loftus-Hills 198 1; Archi- 
bald 1985; Gresham 1986; Cowden & Archibald 
1987; Cowden & Roberts 1990; Fig. 13a-c). 
Thus, we believe that a better interpretation 
of footwall stringers is that they were original 
extensional fractures in the basalt surface which 
filled with NiS ore during the original ore 
formation phase. Compression during the later 
regional deformation resulted in the pyrrhotite- 
pentlandite layering paralleling the fracture 
boundary. 
At a larger scale the structural reconstruction 
of Marston & Kay (1980) indicated two ore belts 
c. 300-400 m wide, separated by a horst c. I km 
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Fig. 11. Varying scales of fracture-fissure patterns from the Krafla Fissure Swarm. (a) Large faulted and tilted 
blocks. (b) Major fault scarp with a graben-like structure. (c) Detail of a graben-like structure, with fissures 
and block tilting inside the graben. (d) Minor open fissure with vertical offset. From Angelier et al. (1997). 
Fig. 12. Block diagram representing the area of detailed study by Angelier et al. (1997) and associated 
cross-sections. 
long and 400m wide. The Juan Shoot is the 
collective term for several smaller ore bodies 
within part of this reconstruction; it has a length 
of 800m and width of up to 200m (Marston 
& Kay 1980). Thickness of massive ore within 
this shoot is generally in the range of 0.5-2m; 
in detail, the geometry of the massive ore is 
complex and shows strong control by structural 
irregularity in the basalt substrate. Marston 
and Kay's reconstruction clearly shows a topo- 
graphy very similar in geometry and dimen- 
sion to that seen at Krafla, consisting of two 
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Feature Krafla Kambalda 
Age Holocene (0.01 Ma) Late Archaean (2700 Ma) 
Trough/graben length up to 3km 1-10km 
Trough/graben width Ten to hundreds of metres Ten to hundreds of metres 
Trough/graben depth 1-10'sm 
Lithologies formed in 
Tectonic setting 
Basalt 
Active extension and 
mantle plume 
1-100M 
Basalt 
Unclear, probably involving regional extension, 
possibly in the presence of a plume 
Geographic distribution Associated with the Krafla Best developed adjacent to the Boulder-Lefroy 
central volcano Fault, become rarer as volcanics thin westward 
Subsequent history None Archibald (1985) Swager & Griffin (1990) 
D1 N-S thrusting DI N directed thrusting 
D2 WSW-ENE thrusting D2-D3 Transpressive 
D3 Open upright folding. folding and strike-slip 
Oblique normal faulting faulting 
(Cowden & Roberts 1990) 
D4 NNW and NNE 
strike-slip faulting 
main graben separated by a horst. Trough floor 
irregularities that appear to influence ore loca- 
tion within each graben are the result of smaller 
scale extensional structures such as fissures and 
minor graben. 
A new model 
A new model is presented here for the formation 
of the structural troughs and the resultant 
localization of ore, based on the premise that 
the graben. and fissure structures of the Krafla 
Fissure Swarm are representative of the topo- 
graphy of the Lunnon Basalt surface immedi- 
ately prior to Kambalda Komatiite eruption and 
emplacement of NiS ore. 
The pre-komatiite landscape consisted of a 
subhorizontal planar basalt surface dissected by 
one or more linear zones and a graben structure 
of 5-7km width. These graben contain numer- 
ous smaller graben, probably nested, fault- 
bounded blocks, horsts, normal faults and dry 
fissures. Fissures are seen both as individual 
structures and as the upper portions of some of 
the normal faults. It must be emphasized that 
these fissures are the result of tectonic processes 
and not generally the source of any eruptions. 
However, they may be eruptive under different 
conditions, hence dykes can be associated with 
other NiS deposits in the Eastern Goldfields, 
such as Scotia (Page & Schmulian 1981). 
The faults and fissures within the central part 
of the graben are subparallel to each other 
and the main graben boundary. We believe 
that many of the regional structures that give 
the Eastern Goldfields its north-northwest- 
south-southeast trending tectonic grain, such 
as the Boulder-Lefroy Fault, were initiated as 
syn-volcanic extensional structures, explaining 
the parallelism between ore troughs and regional 
structures in the Kambalda area. As the maps 
and cross-sections of Angelier et al. (1997) show, 
supported by numerous other studies of normal 
fault geometries (Peacock & Sanderson 1991; 
Cartwright et al. 1996), normal faults and fis- 
sures may be related in a number of different 
ways. Single fault strands may converge into a 
structure with a larger displacement, they may be 
linked by brittle or ductile transfer zones, 
forming lateral ramps, they may tip-out in 
curved zones producing crescent-shaped faults 
in plan view and an ovoid basin in the hanging 
wall. Structures may form as en echelon arrays or 
in isolation. The processes of initiation and 
development of normal structures, and the 
interactions between adjacent structures, can 
generate a surface topography which may be 
simple or very complicated. So that a simple 
extensional model can lead to a wide variety 
of topographic variation, subsequent eruption of 
komatiites onto this surface (Fig. 14) will, due 
to the low viscosity and high density of the 
komatiite lava (Huppert et al. 1984), exploit and 
reflect the graben and fissure topography. 
Previous authors (Archibald et al. 1978; 
Groves 1982; Groves et al. 1984; Lesher et al. 
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tii1cs and associated NiS ores. The ramc of' 
geometries that can cle\elop from extensional 
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Conclusions 
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approximately Cast %%est. 
It is probable that this (IC1,01-illation Occurred 
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80 kilometres long (Angelier el al. 1997). The 
structural elements of the swarm are characterised by 
normal faults, frequently forming nested graben and 
sub-vertical tension fractures these structures trend 
parallel to the boundaries oý the fissure swarm and 
are seen on a range of scales such that a 2-3 kilome- 
tre wide graben may contain sub-graben of several 
hundreds of metres width (Angelier er al. 1997) It is 
particularly important to note that the tension frac- 
tures result from tectonic stresses, and are generally 
neither the result nor source of fissure eruptions. 
Thus they are not analogous with superficially similar 
features seen in Hawaii. The Krafla Fissure Swarm 
was active between 1975 and 1989 during which 
time it underwent 21 tectonic rifting events and 9 
volcanic events (Opheim & Gudmundsson 1989), 
this history of episodic rifting and volcanism enables 
a wide, and potentially complex range of structural 
and lithologic relationships to develop, 
2.2 Early evolution r? f Kambalda 
We propose that the geometry of the Kambalda 
trough structures prior to compressive deformation, 
was very similar to the Krafla Fissure Swarm struc- 
tures described by Angelier el al. ( 1997). It formed a 
landscape of graben, sub-graben, half-graben and fis- 
sures, any of which could be found in isolation or in 
conjunction with, and interacting with other struc- 
tures in the vicinity. 
Structures at all scales had a similar orientation 
which was dictated by the regional tectonic stress 
field. Initial komatiite flows, possibly erupted from a 
distal source such as a volcano, were channelled 
across this surface by the graben, allowing thermally 
efficient transport of lava to an advancing flow front 
(Fig, 1). Modification of the structures and the ko- 
matiite flow paths may occur by a variety of means 
such as repeated displacements on bounding faults 
and "overbank" flooding of the structures. The to- 
pography provides locations for the deposition of 
NiS ore and the wide range of structural and 
lithological geometries that can develop in the pro- 
posed model allows for a corresponding range of ore 
body size and geometry 
2.3 Evtdencefior. ýyn-volcamc normal di. vplacement 
Syn-volcanic normal displacement has been docu- 
mented by Ross & Hopkins (1975) and was sug- 
gested by Thomson (1989) as a possible cause of 
small scale variations in komatiite flow units. Mar- 
ston & Kay (1980) envisage an early environment for 
Juan which appears to be two graben of the same 
scale as some of those seen at Krafla. Figure 2 illus- 
trates a typical small scale feature found in the ore 
environment at Kambalda. A fissure and normal fault 
which displaces the Lunnon Basalt-Kambalda Ko- 
matiite contact and which represents the early exten- 
sional deformation, Figure 3 illustrates the develop- 
ment of the recently documented (Stone & 
Masterman 1989) Schmitz deposit from Kambalda 
in the context of a syn-volcanic half-graben. This de- 
posit exhibits a clear thickening of the ore-hosting 
komatiite unit eastward towards what we suggest is a 
normal fault, where a thin layer of this unit is draped 
onto the footwall block. Interflow sediment horizons 
were deposited sub-horizontally in quiescent periods 
between volcano-tectonic activity and tilted and de- 
formed during subsequent normal faulting events. 
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3 DISCUSSION 
The linear nature of the ore troughs at Kambalda, 
their sub-parallelism with each other and with the re- 
gional structural trend requires an explanation, The 
Icelandic fissure swarm analogy provides a satisfac- 
tory explanation for the formation of the troughs and 
additionally provides a firm basis for a coherent 
model of the structural history of the Kambalda re- 
gion. The consistent trend of the troughs is the result 
of the tectonic stress at the time of formation. It is 
likely that some of the regional scale structures of the 
Eastern Goldfields Province also formed at this time, 
thus explaining the parallelism between them and the 
ore troughs, The later compressive deformation 
events would be influenced by the geometry of pre- 
existing structures (Gillcrist el aL 1987) such as the 
graben bounding faults and the regional scale faults 
and shear zones. These pre-existing features could 
tramline subsequent deformation such that new 
structures formed sub-parallel to old structuresý and 
assuming favourable stress orientations pre-existing 
structures could reactivate with thrust or strike slip 
displacements. This would have the effect of rein- 
forcing the NNW-SSE structural trend of the region. 
Both regional geometries and complexities at ore 
body scale are accounted for by this model, whilst 
providing an effective means of distributing the early 
komatiite flows. Other causes of basalt topography 
which could influence subsequent komatiite flows 
rely on lava flow processes which are less likely to 
generate a consistent linear trend due to the lack of 
extrinsic control on the system. Similarly thermal 
erosion of an initially planar substrate cannot be ex- 
pected to generate linear parallel channels. Within the 
context of this model though, other processes will 
operate, limited thermal erosion may modify a pre- 
existing channel as suggested by Williams el al, 
(1998). basalt topography resulting from flow proc- 
esses will be present. Significant structural modifica- 
tion of the troughs occurred during subsequent com- 
pressive deformation events. However the 
fundamental control is provided by the early exten- 
sional structures. 
4 CONCLUSIONS 
I. The similarity in geometry, scale and lithology 
between the graben of Krafla and the ore troughs of 
the Kambalda region suggests that they are analo- 
gous structures, 
2. Graben provide very effective, thermally efficient 
means of channelling komatfite flows allowing trans- 
port of lava to an advancing flow front, they also 
provide sites for deposition of NiS ore. The consis- 
tent linear trend of the ore bodies is explained by the 
linearity of the graben structures The variety of ore- 
body styles throughout the Kambalda region may be 
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explained by the range of topographies that can de- 
velop at the basalt surface as a result of volcano- 
tectonic processes. 
3. The ore troughs result from an early phase of ex- 
tensional deformation, previously unrecognised in the 
Kambalda district. -17 ý 
4. It is probable, that this deformation occurred 
throughout the Eastern Goldfields, and likely that 
many of the NNW-SSE trending structures of the 
Eastern Goldfields -Province such as the Boulder- 
Lefroy Fault, initially formed as extensional struc- 
tures related to this deformation. These were subse- 
quently- reactivated as strike-slip and thrust faults 
during the later compressive and transpressive de- 
formations. 
5. This model has significant implications for the ex- 
ploration and development of resources in the Karn- 
balda, district, and potentially at similar deposits 
world-wide. I 
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